| ] ]
. i .| 3 W ‘ i ‘ ‘
SUl ) M

o - S 0
L

MARS PROBE

FINAL REPORT

g™ ..-..\‘"J,.. e
¢

T ——
[,
[
P
e

X

L
<)
o
-
[~ ]
=
Fom
w
Fawy
o
N
]
[ -

o g s o 2, — A o . gl




VOLUME

VOLUME

Book
Book

VOLUME

Book
Book
Book

VOLUME

VOLUME

Book
Book
Book
Book
Book
Book

11

o

[
bomd
——

—_

v

(oA Y e O I S

BOOK INDEX

SUMMARY

PROBE/LANDER, ENTRY FROM THE APPROACH
TRAJECTORY

System Design
Mission and System Specifications

PROBE, ENTRY FROM CRBIT

System Design
Mission, System and Component Specifications
Development Test Programs

STERILIZATION
SUBSYSTEM AND TECHNICAL ANALYSES

Trajectory Analysis

Aeromcchanics and Thermal Control
Telecommunications, Radar Systcems and Power
Instrumentation

Attitude Control and Propulsion

Mechanical Subsystems

e AR




Vel I A 7

COMPARATIVE STUDIES OF CONCEPTUAL
DESIGN AND QUALIFICATION PROCEDURES
FOR A MARS PROBE/LANDER

FINAL REPORT

VOLUME V SUBSYSTEM AND TECHNICAL ANALYSES

Book 2 AEROMECHANICS AND THERMAL CONTROL

Prepared by

SPACE SYSTEMS DIVISION
AVCO CORPORATION
Lowell, Massachusetts

AVSSD-0006-66-RR
Contract NAS 1-5224

11 May 1966

Prepared for

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
LANGLEY RESEARCH CENTER
LANGLEY STATION
Hampton, Virginia 23365



PREFACE

The results of Mars Probe /Lander studies, conducted over a 10-month period
for Langley Research Center, NASA, are presented in detail in this report.
Under the original contract work statement, studies were directed toward a
direct entry mission concept, consistent with the use of the Saturn IB-Centaur
Launch Vehicle, wherein the landing capsule is separated from the spacecraft
on the interplanetary approach trajectory, some 10 to 12 days before planet en-
counter. The primary objectives of this mission were atmospheric sampling by
the probe /lander during entry and terrain and atmosphere physical composition
measurement for a period of about 1 day after landing.

Studies for this mission were predicated on the assumption that the atmosphere
of Mars could be described as being within the range specified by, NASA Mars
Model Atmospheres 1, 2, 3 and a Terminal Descent Atmosphere of the docu-
ment NASA TM-D2525. These models describe the surface pressure as being
between 10 and 40 mb. For this surface pressure range a payload of moderate
size can be landed on the planet's surface if the entry angle is restricted to be
less than about 45 degrees.

Midway during the course of the study, it was discovered by Mariner IV that
the pressure at the surface of the planet is in the 4 to 10 mb range, a range
much lower than previously thought to be the case. The results of the study
were re-examined at this point. It was found that retention of the direct entry
mission mode would require much shallower entry angles to achieve the same
payioads previously attained at the higher entry angles of the higher surface
pressure model atmospheres. The achievement of shallow entry angles (on the
order of 20 degrees), in turn, required sophisticated capsule terminal guidance,
and a sizeable capsule propulsion system to apply a velocity correction close

to the planet, after the final terminal navigation measurements.

Faced with these facts, NASA/LRC decided that the direct entry from the
approach trajectory mission mode should be compared with the entry from
orbit mode under the assumption that the Saturn 5 Launch Vehicle would be
available. Entry of the flight capsule from orbit allows the shallow angle entry
(together with low entry velocity) necessary to permit higher values of M/CpA,
and hence entry weight in the attenuated atmosphere.

It was also decided by LRC to eliminate the landing portion of the mission in
favor of a descent payload having greater data-gathering capacity, including
television and penetrometers. In both the direct entry and the entry from
orbit cases, ballistic atmospheric retardation was the only retardation means
considered as apecifically required by the contract work statement.

Four months had elapsed at the time the study ground rules were changed.
After this point the study continued for an additional five months, during which
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period a new design for the substantially changed conditions was evolved. For
this design, qualification test programs for selected subsystems were studied.
Sterilization studies were included in the program from the start and, based
on the development of a fundamental approach to the sterilization problem,
these efforts were expanded in the second half of the study.

The organization of this report reflects the circumstance that two essentially
different mission modes were studied -- the first being the entry from the
approach trajectory mission mode and the other being the entry from orbit
mission mode -- from which two designs were evolved. The report organiza-
tion is as follows:

Volume I, Summary, summarizes the entire study for both mission modes.

Volume II reports on the results of the first part of the study, This volume
is titled Probe/Lander, Entry from the Approach Trajectory. It is divided
into two books, Book 1 and Book 2. Book 1 is titled System Design and
presents a discursive summary of the entry from the approach trajectory
system as it had evolved up to the point where the mission mode was changed.
Book 2, titled Mission and System Specifications, presents, in formal
fashion, specifications for the system. It should be understood, however,
that the study for this mission mode was not carried through to completion
and many of the design selections are subject to further tradeoff analysis.

Volume III is composed of three books which summarize the results of the
entry from orbit studies. Books 1 and 2 are organized in the same fashion
as the books of Volume II, except that Book 2 of Volume III presents com-
ponent specifications as well. Book 3 is titled Development Test Programs
and presents, for selected subsystems, a discussion of technology status,
test requirements and plans. This Book is intended to satisfy the study and
reporting requirements concerning qualification studies, but the selected
title is believed to describe more accurately the study emphasis desired by
LRC.

Volume IV presents Sterilization results. This information is presented
separately because of its potential utilization as a more fundamental refer-
ence document,

Volume V presents, in six separate books, Subsystem and Technical
Analyses. In order (from Book 1 to Book 6) they are:

Trajectory Analysis

Aeromechanics and Thermal Control
Telecommunications, Radar Systems and Power
Instrumentation

Attitude Control and Propulsion

Mechanical Subsystems

Most of the books of Volume V are divided into separate discussions of the
two mission modes. Table of Contents for each book clearly shows its
organization.
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1.0 INTRODUCTION AND SUMMARY

1.1 SCOPE OF THE STUDY

This book describes the aerodynamics, thermodynamics, structural mechanics,
and thermal control studies which led to the definition of the entry-shell en-
vironments, conceptual designs, and performance characteristics. Various
vehicle configurations, mission concepts and selected modes of system opera-
tion were investigated.

The mission specifications (described in detail elsewhere in this report) es-
tablished the basic vehicle requirements, design constraints and guidelines.
They formed the basis for the parametric studies of interactions between the
often contradictory requirements of the elements ofthe shelland the overall sys-
tem, and were used as feedback in the system optimization and tradeoff studies.

As a rule, both nominal and failure modes for critical design conditions were
analyzed prior to the selection of reference designs for performance evaluation.

The study, as originally planned, was to have been divided into two parts.

Part I was to consist of parametric studies involving mainly evaluation of
three or four aerodynamic shapes, selection of critical design conditions (in-
cluding atmospheres) and failure modes. Concurrently, structural and heat
shield weight fractions for the critical conditions were to be evaluated as a
function of the mission concepts, aerodynamic shape, size (diameter) and
geometry, structural concepts and materials, and heat shield concepts and
materials. The scope of the parametric variation of vehicle flight envelope
and characteristic parameters (Ve, Ye » % M/CpA etc.) of necessity was to
be somewhat limited for the structural and thermal studies until a more defi-
nitive design was established. The same approach was to be taken in the ther-
mal control analysis where the purpose was to establish the parametric rela-
tionships between power requirements, thermal control coating characteristics
and the resulting temperature histories throughout the mission sequence, to be
then used in the selection of a control system for a chosen reference design.
The outcome of these studies was to be used in the overall systems tradeoffs,
and selection of a conceptual design limited to one generic shape and a mission
concept.

In Part II, the conceptual design was to have been evaluated in detail. While,
for instance, the shape, diameter, materials, and some of the mission con-
straints were to be fixed, variations in the operating map (Ve s Yo @ spin,
M/CpA etc.) resulting from systems considerations were tobe evaluated in both
nominal and failure modes. More detailed thermostructural studies were to
have been conducted, and more rigorous analytical methods were to have been
used especially for the final performance analysis,

This plan was essentially executed as far as the contents of the analysis was
concerned; however, a major extension in the scope of the study was required
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as a result of Mariner IV Mars atmospheric data, (See the Preface to this book.)
Consequently, in Part I a probe/lander mission, with direct entry from the ap-
proach trajectory was evaluated; in Part II the mission was changed to a probe
mission, with entry from orbit, with the attendant changes in the system. The
extent of some of the parametric studies in Part Iwas reduced, but some of the
probe/lander preliminary performance data (previously to be supplied under

Part II) was provided. On the other hand, it was necessary to extend the scope
of the parametric analysis in Part II and repeat some of the previously per-
formed tradeoff studies for the selected aerodynamic shape.

In summary, the study was performed in two parts: the first was the conceptual
design and analysis of the probe/lander, direct entry from the approach trajec-
tory. This part was of a broad nature as covering several aerodynamic shapes,
configurations and mission concepts coupled with the evaluation of a number of
structural and heat shield concepts and materials for several system perturba-
tions, The second part was of a more limited scope in that only one blunted-
cone forebody aerodynamic shape (with three afterbodies) was considered.
Several nominal and failure entry modes were evaluated as dictated by other
system constraints, One mission concept (entry from orbit) was treated, but
extensive evaluation of the entry operational map was performed. A minimum
of practical structural and heat shield materials and concepts were studied, but
the methods of analysis were more advanced and rigorous in nature, A rather
detailed analysis of the thermal control system was conducted, leading to estab-
lishment of the basic coatings and power requirements and the evaluation of their
performance for the reference design and mission sequence, .

The arrangement of this book reflects the phasing of the work, Within each of
the technical areas - Aerodynamics, Structures, Heat Shield and Thermal
Control - a chapter on the analysis of the conceptual designs is first presented
for entry from the approach trajectory, and then a chapter for entry from orbit.
For each area, a chapter is provided describing the theoretical analysis and
methods used in the conceptual design. The conceptual design studies are
basically divided into three parts: the parametric studies, a description of the
reference design and concepts, and finally, the performance analysis for various
modes of entry and other flight phases,

A summary follows for both the Entry from the Approach Trajectory and Entry
from Orbit modes and a comparison is made.

1.2 PROBE/LANDER, ENTRY FROM APPROACH TRAJECTORY

A broad parametric study of aerodynamic, structural and thermal protection
configurations, for several mission concepts, atmospheres and aerodynamic
shapes, and for various system requirements, was conducted to determine ~
critical design conditions and to select conceptual design(s) of probe/lander
direct entry from approach trajectory,




1.2.1 Requirements, Constraints, and Criteria

The objectives of the study were to:

(1) Analyze and define the critical environments and design conditions
for the flight capsule and entry shell throughout its operational
sequence from assembly to landing;

(2) Provide conceptual design of the entry-shell structure and heat
shield to survive this environment;

(3) Analyze thermal control requirements to provide the required
thermal environment for payload, components, entry- shell and
sterilization canister;

(4) Optimize the entry-shell performance (minimize the weight frac-
tion of heat shield and structure) and minimize the power required
from the spacecraft,

Detailed requirements, constraints and criteria used in the conceptual
analysis are given in Sections 2.0, 5.0, 8.0, and 11,0 of this book, re-
spectively for aerodynamics, structures, heat shield, and thermal control.
A summary of the study constraints and guidelines is shown in Table L
They were bounded by the conditions shown later in Figure 4., The blunt
cone, modified Apollo and tension shell configurations used in this study
are schematically represented in Figures 1, 2, and 3 in Section 2, 0.

Four mission concepts were originally investigated:
(1) Multi-mission shell (heat shield and structure) design

(2) Multi-mission structure design (heat shield designed for each
mission)

(3) 1971 mission structure and heat shield design

(4) Future mission shell designs.
As a result of the parametric studies and other considerations, the first
of these concepts as well as the use of the Model 1 atmosphere were
eliminated, The final concepts for which the bulk of the data is provided

were:

(1) Multi-mission structure, 1971 heat shield (reference design)
(2) 1971 structure and 1971 heat shield

(3) Future mission (atmosphere model 3) shell

-3-
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1.2.2 Performance Characteristics and Comparison of Conceptual Designs

The results of the aerodynamic, structural, thermodynamic and thermal
control analyses are given in paragraphs 2.1, 5.1, 8.1 and 11. 1, of this
book. They are summarized and compared in Table III in paragraph 1.3
with the results of the study of the probe, entry from orbit mission, for
the blunted cone reference design, The critical environments and design
conditions, and the resulting structure and heat shield requirements for
various materials investigated are indicated, They form the basis for the
conclusions to be drawn relative to the merits of configurations to be op-
timized, and the existing thermal control problems. The theoretical an-
alysis and methods used for design are described in Sections 4,0, 7.0 and
10, 0. Review of the results, problem areas, and conclusions reached
leads to the following general conclusions and comments,

The structure of the multimission tension shell is about 20 percent lighter
than that of the blunt cone. However, the combined heat shield structure
weight is lower for the blunt cone for the light payload vehicle and consid-
erably lighter for the heavy payload vehicle. A comparison of the blunted
cone and modified Apollo shapes showed that although the latier has a
lighter heat shield, it has a heavier structure. This is true for all the
concepts examined except perhaps for the future mission concept where
the difference in structural weight may not compensate for the low weight
of the Apollo heat shield. Considering the uncertainties in the absolute
weight calculations and the fact that only the basic structure and heat
shield are compared, the two shapes appear comparable, Aerodynamic
considerations, indicate a higher drag potential, as well as a less severe
thermal environment {as evidenced by heat shield weights) in spite of the
higher radiative heating contribution for the modified Apollo configuration.
The availability of meaningful test data also favor the blunt cone and to a
lesser degree the modified Apollo shapes.

Of the four heat shield materials examined in the course of the study, the
cork silicone appeared to result in lowest thermal protection weights. The
acquisition of additional material property and characteristics could re-
verse some of the trends observed and change the ranking of the materials,
All the candidate materials appear to be compatible with the structure for
the temperature histories estimated. Honeycomb sandwich construction
utilizing beryllium face sheets and stainless steel core results in lower
weights than other structural materials and construction methods considered,

The effect of the rearward entry may result in significant weight penalties
(because of relatively high heating levels and large exposed areas in that
mode) on the backface of the structure and the afterbody. It should be
noted that the heat shield weights required for thermal protection for this
failure mode were not calculated. These possible penalties point to the
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need for further heating analysis (and experimental data) and selection of
proper material for this portion of the vehicle.

The analysis of thermal control requirements indicated that the post-separa-
tion and post-landing phases were critical since the batteries tended to cool
off rapidly without an additional source of power. The problem (which ap-
peared to be easier to manage for the tension shell) may be resolved by
preseparation warmup and insulation of the batteries. The postlanding
situation will be less critical for the oblate spheroid landed capsule. A
more detailed performance analysis was made in the entry from orbit study.
The validity of the results will depend on the final definition of the flight
spacecraft-flight capsule thermal interface.

The combination of the initial design and environmental factors in conjunc-
tion with the lack of complete system definition and the lack of a complete
body of aerodynamic experimental data and proper heat shield material
characterization, may well have resulted in conservative weight estimates
for nominal entry. The next iteration of the results and incorporation of the
system and design data of similar nature to that described in the entry from
orbit study might have resulted in weight savings.

1.2.3 Technology Status and Problem Areas

In the course of the study several problem areas were indicated. These
relate broadly to either a lack of basic experimental information or to
difficulties due to a problem complexity heretofore not encountered which
resulted in a lack of directly applicable analytical methods,

A great deal of experimentation will be required to assure increased con-
fidence in the design to be evaluated. The experiments will be required

to determine the real-gas effects to establish drag coefficients and to pro-
vide the coefficients required to confirm static and dynamic stability, The
predictions of the afterbody performance will have to be corroborated by
testing. The heat shield design will require a comprehensive test program
to characterize the heat shield material performance particularly under the
Martian entry conditions including the effect of radiative heating.

Use of more rigorous structural and thermodynamic analytical methods
will be necessary (as was done in the entry from orbit study to cope
with the complexity of the problems presented by this study for all the
shapes considered, while a particular effort will be required to aerody-
namically and structurally analyze and test the tension shell,

The main problem in the thermal control system design and performance
analysis lies in the definition of the spacecraft-capsule thermal interface.

The final selection of coatings and capsule power requirements hinge on
this definition,




By the nature of the conceptual design and analysis, the results obtained
in this phase may deviate somewhat from those shown in vehicle layouts
and inboard profiles. The conceptual design is carried out on fixed refer-
ence concepts and values which are expected to change in the actual design
process due to practical overall system and manufacturing considerations.
This in turn would necessitate another analytical iteration.

1.3 PROBE, ENTRY FROM ORBIT

A study of a 60-degree blunted cone entry shell utilizing practical (state-of-the-
art) structural and thermal protection configurations for several orbital trajec-
tories and flight envelope parameters (Ve s Vo3 @ and M/CpA), was conducted
to determine the critical design conditions in terms of the atmospheres and
failure modes. The entry shell and thermal control preliminary designs were

established and their performance was evaluated for the probe entry from
orbit.

1.3.1 Requirements, Constraints, and Criteria

Although the scope of this phase of the program was limited to one aero-
dynamic shape and thus was less general than the previous one, a much
more detailed performance analysis was conducted for a specific prelim-
inary design. The objectives of the study were essentially the same as

for entry from direct approach; however, more emphasis was put on rigor-
ous analytical methods applied to the state-of-the-art materials and con-
cepts. A comprehensive analysis was made of power requirements from
the spacecraft for thermal control. The effect of the spacecraft-capsule
thermal interface on control system and temperature distribution was
studied in more detail.

Detailed requirements, constraints and criteria used in the conceptual
analysis and preliminary design are given in Sections 3.0, 6.0, 9.0, and
12. 0 of this book, for aerodynamics, structures, heat shield and thermal
control, respectively. The common study constraints and guidelines im-
posed by the system (including communication requirements) and selected
missions are reflected in the summary Table II, The blunt cone entry shell
configuration, used in the study is shown in Figures 79 to 81 of Section 3. 0.
As may be seen from Table II, preliminary concepts considered for nominal
and failure modes depended on spin and despin for control of ACS system
failure; for the reference design, which utilized an active attitude contr ol
system, tumble was the critical failure mode design condition. Since AV
considerations allowed a finite (invariant) spent shell weight, increase in
M/CpA was no consideration in the failure mode. Furthermore planet
rotation was taken into account for performance evaluation for the Syrtis
Major impact area.
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Constraints imposed on the entry capsule during all phases of flight were
taken into account in the structural design as the entry shell, the internal
structure and the adapter were analyzed. Constraints possibly impo sed on
the heat shield material during low-temperature soak were also considered.

Finally, as a result of refinement of the orbit and dispersion analysis, the
V- y operational map was further restricted and limited to somewhat lower
entry angles than the earlier concepts. This resulted in a decrease in
critical loads for the upper entry angle limit, as well as a decrease in
heating due to the concurrent change in the angle of attack histories for the
reference design failure mode (tumble). The latter change shifted the heat
shield design point to a higher entry angle and velocity.

1. 3.2 Performance Characteristics

The results of the analyses and the resulting performance characteristics
of the reference design are summarized in paragraphs 3. 1, 6.1, 9.1 and
12. 1 of this book., The preliminary and reference design are compared

for nominal and failure modes. They are also discussed and compared
with the results of the study of probe/lander entry from approach trajec-
tory for the blunted cone design in Table III of paragraph 1.4. The critical
environments and design conditions and the resulting structure, heat shield,
and thermal control reference designs are indicated. The theoretical
analysis and methods used are described in Sections 4.0, 7.0 and 10.0.

The conceptual design considered in this phase of the study was the blunted-
cone configuration which evolved from previous studies. However, as noted
previously, the drastic change in the character of the mission necessitated
additional parametric studies to define the operational map, afterbody con-
figuration and a new design philosophy or concept. All concepts considered
employed an attitude control system (ACS)., However, to design for the
critical entry mode it was necessary to evaluate the effect of a backup
stabilization system and/or the failure mode resulting from ACS malfunc-
tion. The first of the early concepts utilized spin to minimize dispersion
due to thrusting errors, while the second (spin-despin) introduced despin

to alleviate or minimize the heavy penalty associated with the first. In

both cases the penalty was due to the effect of large angles of attack, con-
ing angles and rates which converged slowly for the spin stabilized vehicles,
This effect was most pronounced for low velocities. A further weight
penalty was due to consideration of the increased M/CpA for Av rocket
malfunction resulting in unspent fuel and thus increased entry weight,

As a result of these studies the spin backup system was dropped from
consideration, and instead angular rate control ("sentry') was adopted
and "tumble'' became the reference design failure mode. The reference
design angle of attack envelope converged faster than for the earlier con-
cepts, and the weight penalty was considerably smaller, The AV malfunc-
tion was eliminated from consideration.
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In all concepts, the angle of attack resulted in exposure of the maximum
diameter area to prolonged stagnation heating and an ensuing increase in
weight, For the spin case, it was due to the separation geometry and ve-
hicle orientation at entry, while for the reference design it represented the
extreme of random entry. In addition, the high angles of attack effectively
increased the M/CpA and thus further increased the loads and heating.

The spin and tumbling concepts were reflected in the structural and heat
shield design. The structure net weight savings for the reference design
case would amount to about 10 percent, if the nosecap material and base-
ring dimensions were not changed, In the primary heat shield the savings
were of the same order for the same bondtime temperature, however,

the weight of the secondary and afterbody heat ‘shield was reduced by more
than 50 percent (including the effect of the smaller afterbody). Since
higer M/CpA (for the tumble failure mode) allowed higher entry weights,
the effect on the total weight fraction was even more pronounced. The
entry shell was designed by critical entry loads with consideration of cold-
soak induced stresses. The internal structure and adapter were designed
by parachute deployment and launch loads respectively. Safety factors
selected for the reference design ranged from 1.0 to 1.5 for the structure
and 1.2 for the heat shield.

Evaluation of the entry-shell performance for the rotating planet Syrtis
Major impact area, indicated conservatism for both the structural and
heat shield design in excess of these provided by safety factors used; this
was due to the conservatism in both dynamics and rotating planet effect.

The performance of the thermal control system was evaluated for the
nominal case of a 1000 by 10, 000-km orbit, and typical flight spacecraft-
flight capsule interface. All phases of the flight were considered and a
nominal power requirement of 200-300 watts (including maximum peak
demand) was established for state-of-the-art coatings and heating elements
supplying heat to the heat shield and critical components, A possibility of
weight saving in the shell was indicated by lowering the initial entry tem-
peratures depending on the actual power supplied.

As a result of this study it was concluded that the updating of the atmospheric
data and change to entry from orbit, although resulting in lower entry
velocities did not significantly reduce the severity of the heating environ-
ment; the aerodynamic loading decreased by an order-of-magnitude. The
angle of attack and spin effects combined with shallow entry angles pro-
duced the relatively high heat shield weights, and resort to ACS with

limited failure mode consideration was desirable to minimize the weight
penalty,
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Practical structural materials were shown to be sufficient for the applica-
tion. An acceptable weight fraction resulted and large safety margins often
occurred due to minimum gage requirements. For the low range of pres-
sures encountered, the shell weight was found to be a weak function of
pressure. The investigation of thermo - structural compatibility showed
large safety margins for the ablator; however, the stresses in the aluminum
honeycomb sandwich shell approach critical buckling stress for hydrostatic
pressure loading.

The thermal protection study showed that Purple Blend, Mod 5, was a
typically desirable material for the heat shield, and that for this applica-
tion it was more efficient than cork silicone. The studies revealed the
necessity of use of rigorous ablation-conduction analysis for proper com-
parison of material performance. Pos sible weight savings are anticipated
for lower entry temperatures; but such a conclusion must be held in
abeyance until more detailed material characterization studies are con-
ducted and the assumption of the effect of Mars atmospheric composition
on surface reactions is verified and its effect on safety margins is deter-
mined.

1.3.3 Technology Status and Problem Areas

The technology status and the problems anticipated in the entry-shell
design for entry from orbit are not at variance with the previous phase of
the study.

The rearward entry mode indicates significant weight penalties and points
again to the need for further heating analysis and experimental data, and
perhaps selection of a more efficient material for this segment of the
vehicle.

A preliminary study indicates fea sibility of the use of smaller afterbodies
with flaps for assurance of rearward instability. Further test data are
required to confirm that as well as the elimination of transonic stability
problems. Experimentation is also required to establish real-gas effects
on pressure and heating distributions and aerodynamic performance deri-
vatives for the whole body.

The low-density effects were augmented in this case due to high-density
ratios present. Vorticity interaction accounts for a 15-percent heating
increase on the whole body while an additional 40-percent increase over
the conical portion was due to varying entropy.

The more advanced structural and thermodynamic analysis methods used

in this phase of the study appear to be satisfactory, but require experimental
verification. Thus an extensive heat shield material characterization pro-
gram will be required to assure confidence in the design, to determine
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mechanical characteristics for low-temperature soak and to determine the
effect of decontamination, sterilization, and vacuum exposure on thermal
and mechanical characteristics, This is of importance since the heat shield
weight fraction is of the order of 15-20 percent,

The method of analysis developed for determination of the stiffness require-
ment of the aft ring appears to give satisfactory criteria but also requires
experimental verification. The determination of design criteria for sand-
which shell structures for failures associated with core strength and stiff-
ness presents problems (present analyses are extensions of results for
plates and columns), Design criteria for ground handling of very light

shell structures should be established to evaluate their effect on the design.

The application of the heat shield to the structure and the thermal control
coating to the heat shield will require investigation. In the first case, un-
bonded areas may create problems during cold soak in addition to the usual
problems during entry. In the second case, degradation of optical per-
formance may be expected and must be established for correlation with
power requirements,

Finally, the thermal interface between the spacecraft and capsule may
seriously affect the thermal control design and operation as well as heat
shield weight and must be defined before finalizing the design.

1.4 COMPARISON OF ENTRY FROM APPROACH TRAJECTORY AND ENTRY
FROM ORBIT

The direct entry from approach trajectory and the entry from orbit studied
during this program present a rather diverse approach to Mars exploration.

To satisfy the two different mission objectives and ensuing payloads
different design philosophy was evolved. While the entry from approach trajec-
tory design was critically weight limited, the weight was not the major consid-
eration in entry from orbit studies. This significantly affected the choice of
structural and heat shield materials and concepts.

Although widely differing in mission objectives and payloads, the two approaches
may be easily compared in terms of the entry shell environments and aero-
dynamic performance, After this, direct comparison becomes more involved.
On the one hand, many of the design criteria, constraints, and assumptions
had to be changed with a change in the mission objectives and concepts and, on
the other hand, the differences in the environments and aerodynamic perfor-
mance make direct comparison of structural, thermal and thermal control
performance difficult. Finally, the entry from approach trajectory design was
more general and conceptual in nature, while the entry from orbit design was
more specific, Detailed comparison of environments and aerodynamic perfor-
mance is given in paragraph 2, 3,1, It is noted that heating resulting from use
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of Model 2 and VM-7 atmospheres should be similar, while loads should be
somewhat higher for VM-8 compared with Model 3 atmosphere (everything else
being equal). However, selection of the V. -y, operational map for the refer-
ence design for entry from orbit resulted in a significant reduction of entry
velocities and shallow (near skip) entry angles., As a result, the loads decreased
by an order-of-magnitude and the radiative heating became negligible. The in-
tegrated stagnation heating did not change significantly because of the long dura-
tion of the heat pulse (low Ye ) and the low-density effects (vorticity interaction
and entropy variation increased the heating)., Furthermore, consideration of
high angles of attack for the entry from orbit design resulted in an order-of-
magnitude heating increase at the maximum diameter point which is the most
sensitive to weight changes. Thus, even though the decrease in loads permitted
the use of conventional structural materials and concepts, the heat shield design
requirements could not be relaxed. In this respect, it should be noted that the
heat shield design for entry from approach trajectory did not account for the
rearwards (tumble) failure mode while it did for the entry from orbit. The dy-
namic behavior was satisfactory and similar. Primary differences were as-
sociated with spin cases and were due to the separation geometry which produced
higher angles of attack and rates because of the large magnitude of the thrust
vector for entry from orbit,

The basic comparison of the structural and thermal protection aspects of the

two reference designs is shown in Table III. The aerodynamic environment, and
some design conditions and criteria are also shown as a background for the com-
parison. It may be noted that in spite of the seeming relaxation of entry condi-
tions for the entry from orbit case, no major structural (not including the in-
ternal or adapter structures) or heat shield weight savings were realized, In
addition, although the loads decreased sizeably, the weights did not decrease
proportionally because of the use of more conventional materials made feasible
by lower surface pressures. This was due to: (a) minimum gauge limitations
introducing insensitivity to load variation relative to the entry from approach
trajectory case, and consequently higher safety margins, and (b) the use of
aluminum for entry from orbit instead of beryllium (had aluminum been used in
entry from approach trajectory case, the entry-shell structure weight would
have been doubled). On the other hand, the use of the multi-mission structure
for the 1971 entry from approach trajectory mission imposed a l6-percent
weight penalty.

The primary heat shield weight fraction, on the other hand, decreased although
contraindicated to some extent by the a priori heating environment analysis
described above, This was due to a combination of several factors: (a) the
higher allowable entry from orbit weight, due to increased M/CpA,more than
compensated for the attendant additional heat shield weight; (b) the higher heat
capacity of the structure was accounted for and alarger temperature increase at
the bond line was allowed for the entry from orbit design; (c) the response of
the heat shield was calculated at parachute deployment rather than using the
conservative calculations until impact for the entry from approach trajectory
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case; and (d) more rigorous evaluation methods of the ablator performance to-
gether with a change in the material possibly tended to decrease the weight es-
timates. On the other hand, the use of a safety factor of 1.2 together with the
rearwards entry or tumble failure mode for the entry from orbit design as
opposed to no safety factor and no failure mode for the entry from approach
trajectory would tend to increase the weight of the entry from orbit reference
design,

The comparison of the thermal control designs for the two cases is even more
difficult to execute, since only preliminary evaluation (rather than design) was
performed for the entry from approach trajectory case. It is clear, however,
that elimination of the post-impact requirement facilitated the thermal control
design, and that the much shorter postseparation period alleviated the power
requirement present in the entry from approach trajectory case for this phase
of the mission. On the other hand, a more detailed treatment of the entry from
orbit thermal control design and use of a more conservative spacecraft-flight
capsule interface indicated higher power demand on the spacecraft for joint op-
eration during cruise and Mars orbit, This demand, however, does not seem
to be exorbitant even for the peak period, In either case, thermal control
coatings of relatively low emissivity (¢ = 0. 05) and heating elements were re-
quired. The heating element distribution for entry from orbit included heaters
in the heat shield substructure, while only the components were directly heated
in the other case,
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2.0 AERODYNAMICS - CONCEPTUAL DESIGN
PROBE/LANDER, ENTRY FROM THE APPROACH TRAJECTORY

2.1 INTRODUCTION AND SUMMARY

Aerodynamic analyses fulfill two basic functions within a parametric study:

1) the definition of the environments which lead to the selection of the design
criteria, and 2) the evaluation of the performance and stability of the candidate
shapes to provide a means for selecting a reference configuration.

The specifying of the environments requires knowledge of the flow-phenomena
extant which are dependent upon the trajectories to be flown and the atmospheric
model (composition}.

The flow-field analyses were conducted for entry from the approach trajectory
for three generic shapes: a blunted cone (Ry/Rg = 25, 6. = 60 degrees), a
modified Apollo and a blunt tension shell, The methods and techniques used

are described in detail in paragraph 2.4. The stability and performance analyses
considered mass characteristics (L , Iy , Izy , XCg , ch , etc.), spin rates, entry
angle of attack, entry angle and velocity, and atmosphere., To evaluate the
sensitivity of the lander performance to the dynamics, zero damping was also
considered. The trajectory studies were performed with a 4 degree-of-freedom
digital program which also provided heating data. Critical trajectories and
conditions were further investigated by means of a full 6 degree-of-freedom
program.

The residual weight (defined as the total injected weight minus the weight of

the shell structure and thermal protection system) was found to be very depend-
ent upon the configuration considered. There is a strong interplay between

the heat shield and structural requirements, stability, and performance., Al-
though maximum drag and maximum vehicle diameter were found early in the
studies to be desirable, the maximum drag configuration considered (the tension
shell) with its high heating and subsequently large heat shield weights resulted
in the minimum residual weight.

The parametric studies consisted of three phases. Initial studies were related
to the selection of the three configurations within the three generic shapes
(i.e., blunt cone, Apollo, and tension shell). The second phase which com-
prised the major portion of the Part I studies consisted of a broad parametric
study, wherein vehicle geometry (size and shape), mass characteristics, entry
conditions (velocity and angle as well as angle of attack and spin), and atmos-~-
phere (Reference 1) were considered for tradeoffs. Studies were made to deter-
mine the conditions critical to establishing the design loads (pressure and
heating). The final phase consisted of restricting the atmospheres considered
to Models 2 and 3, in addition to confining the analyses to a vehicle maximum
diameter of 180 inches,
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2.1,1 Configuration Descriptions

The blunt cones consisted of cone angles of 55 and 60 degrees half-cone
angle (an initial cone angle of 50 degrees was discarded early as not

having sufficiently large drag with a bluntness ratio (Ry /Ry ) of 0,25, (see
Figure 1). The Apollo shapes consisted of the standard Apollo forebody
(double circle arc) in addition to a single arc (comparable to the Apollo
nose radius, i.e., Ry = 2.4 Ry ) configuration designated as the Modified
Apollo (see Figure 2). The tension shell shapes included a sharp nosed and
a blunt (Ry/Rg = 0.1) configuration (see Figure 3). The afterbodies for
these shapes consisted of a reference double conic (see Figure 1); however,
analyses indicated the possibility of a single conic consistent with the pay-
load volume and turnaround requirements (see Figure 2). The turn around
requirements are dictated by the performance and subsequent weight pen-
alties. Considerable improvement for all shapes is indicated when employ-
ing a flap, which is most efficient at an angle of attack of 180 degrees, where
the afterbody has an unstable trim point (zero restoring moment), The flap
however is ineffective at angles of attack near 90 degrees.

All shapes considered rely upon a sharp break in the body contour at the
maximum diameter to provide a stable boundary~layer separation point
thereby minimizing any boundary-layer hysteresis phenomena associated
with unstable damping characteristics. Experimental values were avail-
able for most aerodynamic coefficients (although some interpolation was
necessary); however, damping coefficient data, C,q » was lacking. Based
on information supplied by Langley Research Center (LRC), Newtonian
values were used throughout the Mach number range (the dynamic consid-
erations for the shapes were assumed to terminate with chute deployment,
M = 1.3).

2.1.2 Mission Concepts

Systems considerations were factored into the parametric analysis with
the objective of considering mission concepts as nominal with parameter
variations resulting in associated tradeoffs, The mission concepts mani-
fest themselves through design philosophy. Briefly, these concepts were:

2.1,2.1 Multi-Mission Shell Design
An entry vehicle concept capable of surviving entry over all possible
weights (up to the 4500-pound limit), entry angles and velocities (-90

to -20 degrees and 18,000 to 25,000 ft/sec respectively), and all
atmospheres (Models 1, 2, and 3).
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2.1,2.2 Multi-Mission Structure Design

This concept differs from the multimission shell design in that only
the structure is designed for entry survival for the above conditions.

2.1.2.3 1971 Structure and Heat Shield Design

This concept would consider only an m/CpA equal to 0,15 slug/ft2
(descent system limitation) necessary for the early mission, consider-
ing all specified atmospheres,

2.1.2.4 Future Mission Shell Designs

These concepts considered survival capability into only one atmos-
phere (Models 1, 2 or 3); however, the descent system requirements
were considered to limit the ballistic coefficient for the specified entry
angle.

The combination of diameter and atmosphere models required pre-
liminary investigation to ascertain which combination results in the
design environments (loads and heating) for a specified diameter.

The problem is introduced since the m/CpA limitation imposed by the
descent system varies with entry angle and atmosphere. The heat
shield, however, being designed for the maximum convective heating
is evaluated for the Model 1 atmosphere (the scale height is largest
for this model) which is compatible with the smallest diameter and
maximum weight considered. All diameters and vehicle mass com-
binations were thus designed for the Model 1 atmosphere in terms of
the thermal protection system for the multimission shell parametrics.

The maximum loads are associated with the smallest scale height
(Model 3); however, since the terminal descent requirements permit an
increaseinm/CDA as the scale height increases, itis not immediately
obvious which atmosphere and mass will resultin the maximum load for a
given diameter. Analyses indicated that the higher scale height with
the larger mass resulted in the maximum loads for a given diameter.
In addition, for a given atmosphere and diameter, increasing the entry
angle (which results in lower allowable vehicle total mass) does not
reduce the loads (the maximum loads are expected at an entry angle

of -90 degrees).

The multimission structure concept considers the penalties associated
only with a vehicle structure design which is compatible with all
missions in contrast to the multimission shell which has both the heat
shield and structure designed for all possible entry conditions (within
the parametric matrix). The design environment considerations are
as indicated above.
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The 1971 shell design considers all atmospheres, however since entry
angles as steep as -90 degree’s are possible the ballistic coefficient is
limited to 0. 15 slug/ftz. The heating is therefore evaluated for the
Model 1 atmosphere at y, = -20 degrees with the structure analyzed in
the Model 3 atmosphere at -90-degrees entry angle,

The future mission concepts reflect designs which are designed specif-
ically for a particular atmosphere model, giving a comparison of the
shell-weight variation with atmosphere. The loads were evaluated at
the steepest entry angle with the minimum ballistic coefficient whereas
the heat shield has been evaluated for the maximum weight at an entry
angle of -20 degrees.

All diameters and mass combinations resulted in predominantly laminar
heating for the blunt cone and modified Apollo, since transition occurs
very late in the heat pulse and at steep entry angles for the Model 1
atmosphere. Although transition (the transition was assumed at a local
Reynolds number of 300, 900) occurs in Models 2 and 3, the integrated
convective heating was significantly higher in the Model 1 atmosphere.
In contrast, the blunt tension shell experiences early transition over

a major portion of the vehicle surface especially in the critical areas
near the maximum diameter. This early transition manifested itself
not only in the Model 1 atmosphere but also for the lightweight vehicles,
The local Reynolds number for this shape was an order-of-magnitude
larger than either the blunt cone or the modified Apollo, which were
comparable.

The parametric studies indicated that severe weight penalties were
associated with the multimission shell concept (A), and as such further
consideration was eliminated. In addition, redirection resulted in
elimination of the Model 1 atmosphere (the maximum surface pressure
atmosphere). As a result the following concepts were studied for
specific designs: (B) Multimission structure -- The structure was
designed for all m/CpA consistent with the terminal descent system
and atmospheres 3 and 2. The heat shield was designed for the shallow
entry into the Model 2 atmosphere for an m/CpA = 0.15 slug/ftz. (C)
1971 shell -- Both the structure and the heat shield were designed for

the terminal descent criterion of m/CpA equal to 0.15 slug/ftz consider-
ing both Models 3 and 2. (D) Future mission shell -~ The future mission

shell was designed expressly for the Model 3 atmosphere considering
vehicle weight growth (shallow entry angles).

The results for the tension shell indicated predominantly turbulent
convective heating in the Model 2 atmosphere (having a greater scale
height than the Model 3). Transition considerations for the other two
shapes were important only with respect to the heavy future mission
concept,
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The multimission structure was designed for the large total mass
vehicle and the Model 2 atmosphere for the steep entry condition, this
combination resulting in maximum peak pressures.

2.1.,3 Requirements, Constraints, and Design Criteria

The initial parametric studies considered a broad range of vehicle dia-
meters, mass characteristics and entry conditions, and atmospheres.
Since analyzing all possible combinations results, in many cases, in
violations of system requirements and constraints, preliminary emphasis
was placed on defining the vehicle parameters and entry conditions which
were compatible with the system considerations. The requirements and
constraints were summarized in Table I,

2.1.3.1 Entry Conditions

The entry conditions were based on the analysis of spacecraft/capsule
separation conditions. Entry velocities ranged from 18,000 to 25, 000
ft/sec and flight path angles from -90 to -20 degrees., The angle of
attack varied with entry angle, being a maximum of 35 degrees for a
-90-degree entry and 11 degrees for a -20-degree entry for the spin
stabilization mode. Additional angles of attack up to 60 degrees were
considered for dynamic studies.

Failure modes (e.g., spin rocket failure) could result in random
angles of attack ( up to 180 degrees) with negligible rates of spin, yaw,
and pitch. Spin rates were varied from 1 to 8 rad/sec., A study was
made to determine the precession angle caused by the misalignment

of the separation thrust axis, spin rocket asymmetries, etc., as a
function of the ratio of the longitudinal to transverse moments of inertia,
vehicle mass and size. Internal damping for the moments of inertia
ratios extant was not factored into the study. Since the longitudinal
moment of inertia is greater than the transverse this is a conservative
approach. Precession angles were also obtained for spin and despin,
The precession angle variation is shown in Table IV.

TABLE IV

PRECESSION CONE ANGLES

Precession Cone
Spin Rate Half Angle
(rad/sec) (degrees)
1 10.0
2 2.3
3 1.1
4 0.5

Diameter = 180 inches
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2,1,3.2 Atmosphere

The atmospheres considered were Models 1, 2, and 3 of Reference 1.
Considering the scale height variation among these atmospheres, it

is expected that Model 1 will result in maximum integrated convected
heating whereas Model 3 will be critical with respect to loads and
performance. The compositions of these atmospheres (mixtures of
CO; and N,) result in the highest radiative heating in the Model 2
atmosphere. The performance of the thermal protection system, how-
ever, indicates that the convective heating is the predominant factor in
the heat shield design.

2.1.3.3 Vehicle Parameters

The most important vehicle parameter is the ballistic coefficient,
m/CpA, since the performance and environments associated with this
parameter for a given diameter will ultimately determine the payload
weight, The minimum weight associated with a given diameter is that
determined by the terminal descent requirements, which impose a
limit of 0. 15 slug/ft? on m/CpA for a 90-degree entry into the Model
3 atmosphere. The maximum total weight of 4500 pounds (from
spacecraft/systems considerations) is only possible for specific com-
binations of vehicle diameter, entry angle, and atmospheric model.,
These specific combinations were obtained parametrically by means of
particle trajectories, the results of which are presented in Figure 4.
This figure provides a means for eliminating those combinations which
violate booster limitations or the presently considered terminal des-
cent system (a reefed parachute at a Mach number of 1.3 with full
deployment at a Mach number of 0.8 and 15,000-feet altitude), The
vehicle diameters investigated considered packaging and volume re-
quirements, attainable centers of gravity and interface limitations
(both bus and ascent shroud) and were initially varied from 100 to

250 inches to encompass the range of interest.

Three shapes were consideredin detail during this study: Blunt Cones

(OC = 60 degrees Ry/Rpg= 0. 25); Modified Apollo (RN/RB = 2. 4); Blunt
TensionShell (Ry/Rg = 0.1). These shapes are comparable intheir res-
pective drag coefficients but differ greatly in other respects. The blunt-
cone and modified Apollo are characterizedby extensive subsonic flow with
a maximum local Machnumber of 1 at the maximum diameter. Incontrast,
the tension shell, althoughblunt, has supersonic flow over a major portion
of the vehicle surface. This occurs since the boundary layer as it grows,
"'gwallows' the high entropy normal shock flow. At several nose radii
downstream of the stagnation point, the flow is identical to that associ-
ated with a sharpnosed vehicle. The resulting flow has two dominant
effects; the compression process gives pressures greater than the
stagnation point pressure and in addition the local Reynolds numbers
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are high. The heating will thus be laminar for the blunt-cone and
modified Apollo whereas turbulent flow will dominate the tension

shell heating. The tension shell provides the maximum available
volume and the modified Apollo the minimum. The afterbody require-
ments for the tension shell are dictated by the turnaround requirement
whereas for the modified Apollo the requirement for volume and thermal
protection is predominant. Considerable improvement in the turn-
around capability (especially at 180 degrees angle of attack) can be
achieved by means of the flaps which have been considered.

2.1.4 Performance Summary (Loads, Heating, Dynamics)

Only the revised design concepts are summarized here. For brevity, the
concepts are referred to in the following manner:

Concept B - Multimission Structure
Concept C - 1971 Mission Shell
Concept D - Future Mission Shell
2.1.4.1 Loads

Tables V and VI present the summary of pertinent loading parameters
for the cases of forward and rearward entry, respectively. For the
forward entry case, the blunt cone experiences the highest peak
dynamic pressure in the B concept. For concepts C and D, all
shapes experience virtually identical peak dynamic pressures.
Identical peak decelerations are experienced by all shapes for each
concept.

For rearward entry conditions, with the vehicle righting itself without
the aid of a flap, the blunt cone again experiences the maximum loads
for concept B. Maximum peak decelerations are obtained with the
same configurations for the same concepts, although peak ''g'' is
nearly insensitive to shape in other B concepts. The blunt tension
shell experiences the maximum normal forces, primarily because

of its large projected area. A 25-percent increase in load is generally
obtained in rearward entry.

As noted previously, higher local loads will be produced on the tension
shell than on the other shapes.

The aerodynamic coefficients and the mass characteristics used in the

analysis are indicated in Table VII and are indexed to the appropriate
figure numbers.
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TABLE V
LOAD SUMMARY (PARTICLE TRAJECTORY)

a, =0 degrees, D = 15 feet v, = 23,800 fps, z, = 800,000 feet

Weight Atmosl- Entry Peak Dynami| Del:c)Zii(ra- Design
Pounds | phere I Angle Pressure tion Concept
(e ~degrees) (q. psf) (g)
Modified Apollo| 4500 2 -90 1098 73 B
Modified Apollo | 1450 3 -90 775 161 Cand D
Blunt Cone 4500 2 -90 1152 73.3 B
Blunt Cone 1390 3 -90 777 161 Cand D
Blunt Tension 4500 2 -90 1114 73.3 B
Shell
Blunt Tension 1435 3 -90 778 161 Cand D
Shell
2.1.4.2 Heating

Pertinent heating data are presented in Table VIII. The tension shell
produces an order of magnitude increase in heating over the other
shapes in the D concept, but only about double the heating for con-
cepts B and C. The modified Apollo shape encounters the lowest
total heating in all configurations. The addition of radiation heating
to these values does not change the comparison, even though the
radiation heating represents as much as 33 percent of the convective
heating on the Apollo shape.

The effect of angle of attack on total integrated heating is to cause
increased heating on the blunt shapes and decreased heating on the

tension shell for large angles (on the basis of available data).

In general, high spin rates decrease heating, although some increase
is produced on the modified Apollo shape.
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TABLE VI

LOAD SUMMARY (DYNAMIC TRAJECTORY)

ae =179 degrees, D =15 feet, Ve = 23,800 fps, Z, = 800, 000 feet

Shape Weight Atmos- Design Peak a at Max- Max-
(pounds)| phere Concept | Dynamic| Peak | mum mum

Pressure | ''g" D/W N/W

Mod- 4500 2 B 1333 11 89 3

ified

Apollo

Mod- 1450 3 C and D 1020 22 211 11

ified

Apollo

Blunt 4500 2 B 1426 16 91 7

Cone

Blunt 1390 3 C and D | 1009 20 209 19

Cone

Blunt 4500 2 B 1375 9 87 10

Tension

Shell

Blunt 1435 3 C and D | 1110 31 224 42

Tension

Shell
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TABLE VI

SUMMARY OF AERODYNAMIC DATA

Configuration

Aerodynamic Function Blunt Cone Apollo Blunt Tension
Axial Force -- CX Figure 5 Figure 10 Figure 15

versus @
Normal Force -~ Cy; Figure 6 Figure 11 Figure 16

versus a
Pitching Moment -~ Figure 7 Figure 12 Figure 17
Cyf versus a
Pitch Damping -- Figure 8 Figure 13 Figure 18
C,, versus Mach No.

q

Drag --C_ a = 0 versus Figure 9 Figure 14 Figure 19
Mach No.
Mass Characteristics Table IX Table X - Table XI

2.1.4.3 Dynamics and Stability

All shapes performed adequately with respect to stability except for
the tension shell shape which diverged supersonically. All configura-
tions should be dynamically stable at transonic speeds., However, tra-
jectory analysis shows that no vehicle will go completely unstable or
diverge totally with no aerodynamic damping.

2.1.5 Conclusions and Problem Areas

On the basis of the aerodynamic parametric shape comparison the modified
Apollo shape appears to show the maximum potential. It combines the
highest drag with the lowest convective heating. Its high radiative heating
will be significant only for a heat-sink thermal protective system. (Avail-
able data indicate ablative heat shields are more efficient for a radiative
pulse). The tension shell which had a comparable drag has a heating
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TABLE VIII

HEATING SUMMARY
(PARTICLE TRAJECTORIES)

D =15 feet, y.=-20degrees, V., =23,800fps, z = 800,000 feet
9max Qg QI 9max | Q
Concepti Wt. .|Atm. X(Btu/ftZ/ (Btu/ftz) (Btu/ftz) (Btu/ (B’iu/ftz)
(lbs.) sec) ftz/sec)

Modified Apollo| D 4500 3 49 989 1345 106 963
Modified Apollo| B and |1450 2 19 753 750% 19 304

C
Blunt Cone D 4500 3 188 4405 1889 7.0 62
Blunt Cone B and (1390 | 2 70 2798 803* 1.0 19

C
Blunt Tension D 4500 3 291 6824 15090Y 225 2278
Shell
Blunt Tension B and [1435 2 111 4416 43032 38 683
Shell C

I) refers to sonic point

x) entire heat pulse laminar

y) heat pulse at S/Rn = 14. 7 (not sonic point)

heat pulse at S/Rn = 11. 6 (not sonic point)
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environment an order-of-magnitude more severe due to the existing flow
phenomena. Its more efficient compression (multiple shocks), although
beneficial to drag, also results in high Reynolds numbers with concom-
mitant turbulent flow. Further, the shock structure at low Mach numbers
can result in unstable aerodynamics as evidenced by wind-tunnel test data.

Further test data reflecting real-gas effects are necessary to establish

the drag coefficient and to provide the coefficients necessary to confirm
static and dynamic stability. Although all shapes performed adequately
with respect to stability (except for the tension shell shape which evidenced
supersonic static instability), these results were obtained with Newtonian
damping values. Precaution was taken to minimize any dynamic instability
by providing a fixed boundary-layer separation point at the base. The data
indicate that this definitely improves the dynamic stability subsonically;
however data are lacking at transonic speeds (especially the critical

range 0.9 < M < 2,0).

The spin effects were found to be most important for the critical entry
condition for the descent system (y, = -90 degrees), low spin rates being
desired. The effect on heating at the design entry conditions was found to
be very small but resulted in increased heating with increasing spin for
the modified Apollo shape. Based on wind-tunnel test data, heating on the
tension shell may be considerably reduced by high spin rates for high
angles of attack with a concommitant loss in the drag advantage. Lunar
motion represents the most critical conditions.

The effects of angle of attack on trajectory and loads are generally small,
except as noted below for rearward entry. The effect of angle of attack
on heating environments is to increase the overall integrated heating input
to the blunt cone and modified Apollo. Heating on the tension shell is
decreased considerably for large angles of attack based on wind-tunnel

test data.

Difficulties exist in determining the real-gas effects on the aerodynamic
data because of a lack of data on specific configurations and because the
available data exists only for ideal gases. The correlation between ideal
and real gases, which used the stagnation point to free-stream density
ratio, appeared adequate for pressure distributions, heating and drag
coefficients. Although this technique is not as exact for predicting normal
force and pitching moment coefficients, some correlation was achieved
and was used in this study.

A second difficulty exists in predicting the dynamic coefficients in the
transonic speed range which digress from the Newtonian values. This
has been minimized by terminating the configuration abruptly at the
maximum diameter and by minimizing the size of the afterbody.
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There is a lack of sufficient test data and theoretical methods of analysis
for predicting heating for the afterbody shapes considered. These after-
bodies contain a high percent of the vehicles total area and with the uncer-
tainty of the data, could produce a weight penalty of some significance.

The tension shell presents a major problem in the definition of the flow
field about the body. Such definition must be made with sufficient accuracy
for design purposes to warrant further consideration of this configuration.
Although the methods developed to deal with the flow field are of sufficient
accuracy to define the tension shell performance relative to that of the
blunt cone and the modified Apollo shapes, a highly refined analysis will
be required for final design.

2.2 DESIGN CRITERIA

The evaluation of the environments comprises a process wherein the trajectory
dependent parameters (i.e., flight velocity, Mach number, density ratio, angle
of attack, etc.) are utilized to define the flow field. The complete evaluation
of the variation of the flow field along the trajectory presents a formidable

task within a parametric study. Previous studies have indicated that it is the
periods of flight peak loads, pressure and heating which are critical, and that
qualitatively correct results are obtainable without resort to detailed and
tedious analyses.

The evaluation of the flow field consists of determining the pressure distribu-
tion and the shock shape. These in turn permit the determination of the
thermodynamic properties and species necessary to evaluate the radiative
and convective heating. The blunt cone and modified Apollo configurations
were assumed to result in negligible variation in pressure distribution due to
composition. The primary contribution due to the composition was that
associated with the stagnation point density ratio (velocity gradient and shock
standoff distance).

In contrast, the blunt tension shell required, in addition to the shock shape,
a complete flow-field analysis to define the pressure distributions and the
heating because of the complex shock-wave interaction occurring. The flow
field in this case, however, could also be correlated to a certain extent with
the stagnation point density ratio.

To facilitate the parametric analyses, the flow field was also defined para-
metrically; specifically, pressure and convective heating distributions normal-
ized with respect to the stagnation point pressure and heating respectively
were generated for various angles of attack. These distributions were in

* Nonequilibrium radiative heating would ordinarily require a complete flow field analysis. This difficule problem may be
circumvented (in an approximate manner) as described below.
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turn used to define the heating aggravations associated with angle of attack by
evaluating the surface integral of heating assuming lunar motion for various
angles of attack. All shapes except the tension shell resulted in higher heating
both through the effects of angle of attack on the trajectory and with the increased
surface area integral of the normalized heating.

2.2.1 Critical Design Environments Determination

To determine the critical design environments, preliminary investigations
were initiated to ascertain the governing phenomena. This process re-
quired interfaces with both the thermal protection system and the structure.
The initial studies indicated that maximum integrated heating occurred for
the shallow entry angles in the high scale height atmospheres (Model 1 and
after a redirection, the Model 2). The radiative heating, however, was a
maximum for the Model 2 atmosphere (89. 2-percent N, and 10. 8-percent
CO, by volume) with the maximum integral occurring at steep entry angles.
The thermal protection system analyses indicated that the critical en-
vironment was that associated with the maximum convective heating pulse.

Considering the broad range of parameters involved in the studies, partic-
ular attention must be focused on ensuring that the critical design environ-
ments have been obtained for a particular concept and vehicle diameter.
To obtain an insight into the variation of the environments with entry
conditions, simple approximations can be made by means of a straight-
line assumption for the steep entry trajectories. Caution must be exer-
cised for shallow entries which can deviate for two reasons: 1) the planet
is spherical rather than flat and 2) gravity effects give rise to a curved
trajectory. The first effect is predominant during early entry, whereas
the latter effect occurs as the dynamic pressure increases. These effects
compensate to an extent, relative to the straight-line assumption; however,
the effective entry angle is not initially available.

The straight line approximations result in the following relations for
velocity: :

where

V. is the velocity at any altitude, Z,
Vg is the entry velocity

B  is the inverse scale height (stratosphere)
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Vg is the entry angle

Po is the constant in the relation

Poo = Po e=BZ (the exponential variation for the density, p_ , at an
altitude Z)

The above relations, as well as those to follow, apply strictly only in the
stratosphere; however, the results of similar studies indicate that this
assumption gives qualitatively correct results in general.

The peak loads are given by

D

_— o~ sin
v " Bsinvg

with maximum pressures obtained from
Poax™ (m/CpA) B sin yE

For peak loads and pressures occurring at steep entry angles, the
maximum loads are seen to depend only on the inverse scale height, 8.
The maximum pressures, however, depend upon the ballistic coefficient
also. For the multimission concept, the problem of which condition or
combination of m/CDA and B results in maximum pressures is of concern.
(Structural considerations indicate that maximum pressures rather than
inertial loads are the dominant factor on structural design). The descent
system requirement imposes the conditions of

-BZ

e ° /B (m/CDA) = K, a constant (from the velocity relation)

Thus P~ e_BZO. It is seen that the maximum pressures for a given
diameter will be obtained for the large scale height atmosphere with the
m/CpA obtained from descent systems studies relevant to that particular
atmosphere.
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Additional expressions are available for the maximum heating rates and
integrated heating, both laminar and turbulent.

The maximum heating rates are given as

3.15
- VE m - . -
dgm = Kc']s —TS- B < sin YE , for laminar heating

DY D

| and
3.18 0.8

. K VE m ; for turbulent heati
drm = K4t F-E— -C—DA- sin y_ , for turbulent heating

The integrals for the heating are expressed as

s = s , - or laminar
, Q po-5 ~ B sin 'YE

and

Qr = Kqr
QT o2

for turbulent heating

(B sin yE)O.Z

These expressions, in addition to the insight provided, facilitate the
evaluation of the environments for Earth entry simulation. These can
only be used as first order approximations; further refinements are
necessary for the reasons indicated. The above relations also facilitate
the procedure by providing the necessary entry condition perturbations.
The relations used for determination of radiative heating are given in
paragraph 4. 3. 2. The critical environments are summarized for the

| initial ground rules (prior to eliminating the Model 1 atmosphere).
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2.2.2 Multi-mission shell

The shell is designed for the maximum mass at a given diameter (consistent
with the terminal descent system). The heating is evaluated at the shallow
entry limit (-20 degrees), highest velocity (25, 000 ft/sec), and largest

scale height (Model 1). The structural load (in this case the maximum
pressures) is designed for the steepest entry angle and highest velocity.
Figure 4 presented the limiting ballistic parameter for the three atmospheres
for various entry angles. In addition, the performance variation with dia-
meter for the maximum total vehicle weight of 4500 pounds is indicated.
Considering the factors presented in the previous discussions, for the steep
entry angle (-90 degrees), the modified Apollo maximum pressures are real-
ized in Models 2 and 1 at 183- and 141-inch diameters respectively. The
Model 3 atmosphere at this entry angle would require a 344-inch diameter
vehicle (m/CDA =0.15 slug/ftz). The maximum pressures for the inter-
mediate diameters were obtained by interpolation.

2.2.3 Multi-mission Structure

This concept utilizes the structure as evolved for the multi-mission shell,
however the heat shield is designed for a 1971 mission (m/CpA =0.15
slug/ft2), and yg = -20 degrees with the Model 1 atmosphere.

The remaining concepts and their respective design environments have
been discussed in the introduction.

RESULTS AND DISCUSSION

2.3.1 Mass and Aerodynamic Characteristics

2.3.1.1 Blunt Cone (for various mission concepts)

The reference blunt cone shape is the 60-degree cone blunted with

a spherical nose of one-quarter the base radius, and having a small
truncated 25-degree cone afterbody. Initially, a 55-degree blunted
cone had also been considered, but was eliminated early in the study
because it had no outstanding advantages to offset its lower drag
coefficient.

Force and moment coefficient data for the 60-degree cone are shown
as a function of angle of attack for three representative Mach num-
bers in Figures 5 through 7. Inthe computer program, coefficients
are programmed for five Mach numbers, covering the full required
range. The static coefficients are based on data in Reference 2.

The dynamic coefficient, Cma (Figure 8) is assumed (for the pur-
pose of comparison with the other shapes) to be the Newtonian varia-
tion at all Mach numbers. The axial force (drag coefficient) data
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have been corrected for real-gas effects, and the resulting drag
variation with Mach number is shown in Figure 9.

" Mass characteristics were estimated for both the multimission
vehicle (4500 pounds), and the 1971 mission vehicle (m/CpA =
0.15). The center of gravity locations, moments of inertia, and
radii of gyration as used in the computer programs for the para-
metric studies are given in Table IX.

TABLE IX

BLUNT CONE MASS CHARACTERISTICS

Mass D m/CnA | X /D o/ D o</ D I I
(Slugs) (feet) [(Slug /]f31:2), GG X ¥ (slugfftz) (slu)é/ftz)
139.9 15. 0.50 0.150 0.232 0.184 1680 1060
16.67 0.40 0.139 0.229 0.184 2043 1340
12.9 0.673 0.166 0.239 0.185 1326 794
31.3 12.9 0.15 0.200 0.229 0.205 278 221
42.3 15, 0.186 0.228 0.204 500 400
52.4 16.67 0.183 0.225 0.202 749 598

2.3.1.2 Modified Apollo

The basic Apollo shape was dropped from serious consideration early
in the study because of its low drag and impractical afterbody as com-
pared to the other shapes.

A higher drag configuration was substituted. It consists of a spherical
segment of the same ratio of nose to base radius, but having sharp
corners and an afterbody consistent with the other configurations under
consideration.

The resulting shape is called "Modified Apollo''. The aerodynamic
coefficients plotted in Figures 9 through 12 were estimated based on
data in Reference 2 for a 60-degree spherical segment, and data in
Reference 3 for a 66.4-degree spherical segment. The axial-force
(drag coefficient) data have been corrected for real-gas effects, and
the resulting drag variation with Mach Number was presented in
Figure 14. The damping coefficient, Cm_, is assumed to be the
Newtonian variation with angle of attack a% all Mach numbers (see
Figure 13).
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Mass Characteristics were estimated for both the multi-mission vehi-
cle (4500 pounds) and the 1971 mission vehicle (m/CpA = 0.15). The
center of gravity locations, moments of inertia, and radii of gyration
as used in the computer programs for the parametric studies are
given in Table X,

TABLE X

MODIFIED APOLLO MASS CHARACTERISTICS

Mass D m/CpA XcG/D o/D oy/D I, 5 Iy 5
(slugs) (feet) | (slug/£t2) (slug ft%) (slug ft7)
139.9 15, 0.50 0.125 0.173 0.14 941 616
. 16 .67 0.40 0.113 0.173 0.135 1181 717
12.9 0.677 0.147 0.174 0.15 712 511
31.2 12.9 0.15 0.154 0.194 0.150 196 117
42.2 15. ¢ 0.142 0.192 0.145 350 199
52.1 16.67 0.139 0.189 0.139 521 281

2.3.1.3 Tension Shell

The two tension shell configurations proposed by NASA/LRC for the
present study have been described previously. The only difference is
a slight blunting of the nose. The coefficients for the sharp and blunt
tension shells (experimental data provided by LRC) arc prescnted
Figures 15 through 17 and Figures 20 through 22. At angles of attack
where experimental data were not available, the coefficients were
estimated based on the Newtonian variation., The damping coefficient,
Cm,,» for which no experimental data were available, is assumed to
have Newtonian values at all Mach numbers (see Figurc 18).

The chief difference in the coefficients between the two shapes appears
in the Mach 3 data. The drag of the blunt tension shell drops sharply
at O-degree angle of attack, but when the drag is compared with that
of the sharp tension shell at the trim point and dynamic trajectories
are considered, there is very little difference.

After comparing trajectories of the two shapes, the blunt tension shell
became the reference shape. Real-gas effects were subsequently de-
termined and incorporated in the axial force coefficients in Figure 15,
and in the drag curve of Figure 19.
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A typical trajectory illustrating the comparison of the blunt and sharp
tension shells for the case of yg = -90 degrees with the Model 3 atmos-

phere is depicted in Figure 23.
performance.

There is no significant difference in

The heating and loads are almost identical. The alti-

tude at Mach 1.3 is about 1000 feet higher for the sharp shell, but the
angle of attack diverges to about 22 degrees at Mach 5 (not shown in

the figures).

M= 1,3,

However, it converges again to less than 6 degrees at

Mass characteristics were estimated for both the multi-mission vehi-
cle (4500 pounds) and the 1971 mission vehicle (m/CpA = 0, 15),
center of gravity locations, moments of inertia, and radii of gyration

as used in the computer programs for the parametric studies are given

The

in Table XI,
TABLE X1
BLUNT TENSION SHELL MASS CHARACTERISTICS

Mass D m/CpA | X5s/D ox/D oy /D I, > I 5
(slugs) (feet) (slugs/ft2)> (slug/ft") (slug/.‘t )
139.9 15. 0.49 0.305 0.196 0.176 1260 965
139.9 16.67 0.39 0.281 0.200 0.176 1559 1221
139.9 12.9 0.67 0.348 0.177 0.176 921 723

31.4 12.9 0.15 0.401 0.253 0.195 337 201

42.4 15. 0.15 0.376 0.252 0.200 609 379

52.8 i6.67 0.15 0.36¢6 0.250 0,200 915 591

2.3.2 Loads and Heating

A parametric study was performed with the aid of a trajectory computer
program to determine the effects on heating and loads of varying the vehi-

cle diameter, atmosphere model, and entry conditions.

Atmosphere Mod-

els 1, 2, and 3 were used, and the range of diameters considered was from

10 to 20 feet.

configurations.

The following facts were found to be common to all three

The critical loading trajectories were found to occur at the steepest entry
angles (yg = -90 degrees) in each atmosphere.
(e = 35 degrees) trajectories were investigated.

Both particle and dynamics

The particle trajectories (aE = 0 degrees) result in the minimum loads.
The loads for the rearward entry condition (e = 179 degrees) represent
the loads which might be obtained in a failure mode if no flaps are used to
improve the righting moment in this range of angle of attack,
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The greatest integrated convective heating is obtained at the smallest en-
try angle, -20 degrees,

2.3.2.1 Blunt Cone

1, Loads -- Maximum loads for the multimission shell (WE =
4500 pounds) are plotted versus diameter in Figure 24. It can be seen
that the greatest loads are obtained at the small diameters (due to the
high m/CpA) in the atmosphere 2. The corresponding data for the
1971 mission are plotted in Figure 25,

For the revised design concepts, (B, C, D)* additional trajectories
were computed. The resulting load data are summarized in Table XII,

TABLE XIlI

DY NAMICS SUMMARY
(Blunt cone)

Design Concept (B)* (C* and D)*
Entry weight, pounds 4500 1390
Entry angle of attack, degrees 0 179 0 179
‘ Peak dynamic pressure, psf 1152 1426 7177 1009
- a at peak dynamic pressure - 16 - 20
Maximum axial "'g" 73.3 91 161 209
Maximum normal ''g'" - 7 - 19

2, Heating

a., Convective -- The effect on the heat pulse of varying

vehicle diameter is summarized in Figure 26 for the 4500-pound en-
try vehicle. The greatest convective heating for the blunt cone is ob-
tained at the stagnation point in the Model 1 atmosphere, and the maxi-
mum radiative heating is obtained at the sonic point in the Model 2
atmosphere,

A similar study was performed for the 1971 mission (m/CpA = 0. 15),
At this value of m/CpA, radiative heating is much less, and only at-
mosphere 1 need be considered for heat shield design. Figure 27
summarizes the heating as a function of diameter.

*
B. C. D concepts as defined in section 2.1.2.4 and Load and Heating tables.
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Typical heating environments are presented for the revised concepls

in Figure 28 through 33 along with the corresponding enthalpy varia-
tions. The occurrence of transition does not affect the design cuviron=
ments with the exception of the future mission concept. Although tron:i-
tion occurs in the steep entry trajectories ( yg<-45 degrees) for the
light weight configurations (m/CpA = 0. 15 slug/{t?), the inteprated
heating is much less than for the all-laminar heating at the shallow vn-
try. The future mission results in earlier transition as the catry anale
is steepened (yg < =20 degrees); however, the total integrated heating
again decreases.

b. Radiative -- Stagnation point time historics at zero-apal
of attack are shown in Figure 34. The variation of the radiative is-

tributions were obtained for the Model 1 atmosphere (Figurce 35) 'I'he
angle of attack levels at peak radiative heating indicated that the anple
of attack effect was small when considering the contribution of the ra-

diative heating to the total heating.
2.3.2.2 Modified Apollo

1. Loads ~- Maximum loads for the multi-mission shell (W, -
4500 pounds) are plotted versus diameter in Figure 36.
that highest loads occur in the Model 2 atmosphere, and incrcasc with
decreasing diameter., The data for the 1971 mission arc plotied in
Figure 37. In this case, since the m/CpA is constant, therc is Little
change in loads with diameter. Highest loads occur in Model 3 almos-
phere.

It can be seen

For the revised design concepts, additional trajectorics were computed.
The resulting load data are summarized in Table XIII.

TABLE XilI

LOAD SUMMARY MODIFIED APOLLO

Design Concept (B) —l (Cj and (D) :—J
Entry Weight, 4500 1450

pounds _ R
Entry angle of attack, degrees 0 179 0 7
Peak dynamic pressure, psf 1098 1333 775 1020

a at peak dynamic pressure, degrees -- - 11 --- - 20
Maximum axial g 73 89 161 211
Maximun normal g - 3 S I
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2. Heating

a. Convective-- The effect on the heat pulse of varying
vehicle diameter is summarized in Figure 38, for the 4500-pound
(multi-mission) entry vehicle. The greatest convective heating for the
modified Apollo is obtained at the sonic point (rim) for turbulent flow
in the Model 1 atmosphere, and the maximum radiative heating is ob-
tained in the Model 2 atmosphere.

A similar study was performed for the 1971 mission (m/CDA =0. 15).

At this value of m/CpA, radiative heating is much less and only atmos-
phere 1 need be considered for heat shield design. The greatest heat-
ing now occurs at the stagnation point for most diameters. Figure

39 summarizes the heating as a function of diameter.

Typical heating environments for the revised design concepts together
with the corresponding enthalpy histories are presented in Figures 40
and 41. The occurrence of transition does not effect the design environ-
ments except in the future mission concept.

b. Radiative -- Stagnation point time histories at zero-angle
of attack are shown inFigures 42 and 43. This shape appears to carry
the heaviest radiant flux penalty relative to the convective (at least
for the 4500-pound vehicle - m/CDA = 0.47) due to the relatively flat
distribution over the large blunt face. The variation with angle of
attack resulted in a decrease in the radiative heating (reduced standoff
distance at the stagnation point in conjunction with the standoff slope
variation, or shock shape). The zero angle of attack distribution was
therefore used.

2.3.2.3. Tension Shell

1. Loads -- Maximum loads for the multi-mission shell (WE =
4500 pounds) are plotted versus diameter in Figure 44. It can be seen
that the highest loads occur in the Model 2 atmosphere, and increase
with the decreasing diameter. The data for the 1971 mission are plotted
in Figure 45. In this case, since the m/CDA is constant, there is little
change in loads with diameter. Highest loads occur in the Model 3
atmosphere.

For the revised design concepts, additional trajectories were computed.
The resulting load data are summarized in Table XIV.
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TABLE XIV

LOAD SUMMARY BLUNT TENSION SHELL

Design concept (B) (C) and (D)
ntry Weight (pounds) 4500 1435
Entry angle of attack, degrees 0 179 0 179
Peak dynamic pressure, psi 1114 1375 778 1110
a at peak dynamic pressure, - 9 -- 31
degrees

Maximum axial g 73.3 87 161 224
Maximum normal g - 10 - 42

Aerodynamic loading is represented by the distribution of pressure over
the vehicle. The pressures of interest are those which produce the
maximum stresses in the vehicle structure and are generally the
highest pressures to be encountered within the range flight conditions
anticipated for the vehicle. The maximum absolute pressures may be
presented for the desired flight condition; however, the pressures so
specified refer specifically to a single flight speed at a single altitude.
A high degree of generality is obtained and more meaningful graph
offered if the ratios of the local static pressures to the stagnation
pressure (at that flight condition) are presented as a distribution over
the body. The resultant is a pressure distribution which is accurate
over a fairly wide range about the design condition of flight speeds
(AVZE 2000 ft/sec) and altitudes (AVZ% 10, 000 feet). Only the proper
absolute stagnation pressure need be used to obtain the proper absolute
local static pressure. Further, for any atmosphere, the ratio of
stagnation pressure to dynamic pressure is generally very nearly con-
stant above M_, = 10. (For Model 2 and 3 atmospheres, the ratio is
about 1.93.) Thus by computing dynamic pressure over a trajectory,
the maximum loading condition is specified by the maximum dynamic
pressure.

The ground rules and maximum loading condition considered, after the
deletion of atmosphere 1, are:

-86-




Concept: Multi-mission (B) 1971 Mission and Future Mission

W oax= 4500 pounds (m/CDA) max = 0.15 (C & D)
Atmosphere: 2 3
Entry
Condition: Vg = 23, 800 ft per sec.
yg = -90 degrees
Zg = 800, 000 r335
Maximum Loads Point:
v = 14, 641 v = 15,073 ft/sec
Z =108,329 ft Z = 73,466 ft
q, = 1114 psfa q_ = 778 psfa

The applicable pressure distribution for these conditions is shown in
Figure 46. This distribution is exact for the multi-mission concept.
For the 1971 mission and future mission concepts, the same distribu-
tion is to be used as a conservative estimate for the low ballistic coef-
ficient atmosphere 3 flight. For these latter design conditions, the
maximum stagnation pressure ratio is 1.85 based on approximate
thermochemical data. The degree of conservatism, is, in any case, less
than 10 percent.

The attitude which presents the highest loads is zero-angle of atack.
Newtonian flow is assumed over the blunt portion of the body to the
point where a Prandtl-Meyer expression gives an equal pressure
gradient pressure; this is sufficiently accurate for this phase of the
study since only 1 percent of the vehicle is affected. Further, the over-
expansion region generally encountered in blunt-body flow is neglected

" for the same reasons.

The maximum pressure ratio is assumed to hold constant for 0. 675<
R/RBE 0.945. The analysis presented in paragraph 4. 2.1.2 shows

that properties may be considered constant in this region. The maxi-
mum pressure ratio is used here as a conservative assumption in order
to account for (1) boundary-layer attenuation or spreading of the peaks
and (2) the possibility of traveling or cscillating peaks to unsteady flow.

-87-




2.4

] .
a =0Odegrees
Rn/Rg=0.1
2.0 — — ——
L
Q
~
Q
o
-
<
e 1.6 —- =t o e
w
@
2
7]
7]
1
x
a
3 1.2 ~
=
<
2
©
: \
)
& o8 — e
0
4
g
o
S
) \____——a—///////;/ i
o —————— — 0N G VR
0 0.2 0.4 0.6 0.8 1.0 1.2
86-1202 RADIAL STATION,R‘/RB

Figure 46 TENSION SHE LL PRESSURE DISTRIBUTION--MAXIMUM LOADINGS CONDITIONS

-88-




2. Heating

a. Convective -- The effect on the heat pulse of varying
vehicle diameter is summarized in Figure 47 for the 4500-pound
(multi-mission) vehicle. The greatest convective heating for the ten-
sion shell is obtained at the sonic point (rim) in the Model 1 atmo sphere.
As has been noted, the heating for this shape is an order of magnitude
greater than that of the other shapes. The maximum radiative heating
occurs in the Model 2 atmosphere, and is also in the vicinity of the
rim.

A similar study was performed for the 1971 mission (m/CDA = 0.15).
At this m/CpA, radiative heating is much less and only the Model 1
atmosphere need be considered for heat shield design. The greatest
heating for this mssion also occurs at the sonic point. Figure 48
summarizes the heating as a function of diameter.

Aerodynamic heating rates were also calculated for two revised
design concepts, representing two different missions. Entry conditions
are the same for both: V_ =23,800 ft/sec, Ye = -20 degrees, Z_ = 800, 000
feet, since the shallow trajectory produces the maximum integrated
heating at any point on the body, despite lower peak heating rates. The
cases considered were the early mission, for which m/C_A = 0.15 and
the critical atmosphere was Model 2; and the future mission for which
the vehicle weight requirement was 4500 pounds and the atmosphere was
Model 3.

Conical-flow heating theory, as outlined in paragraph 4.2.1.2 was
utilized for the calculations, except over the blunt nose ( Ry/Rg = 0.1)
of the vehicle. Conical heating is conservative if blunt-body flow
actually exists at the point of calculation. The extent of blunt-body
can be calculated, but this high degree of definition is not warranted
for two reasons. First, for this nose configuration the heating rates
can be shown to be nearly identical (Reference 4) and second, the heat
shield affected represents less than four percent of the total heat
shield weight.

Heating distributions for the two flight conditions are presented in
Figures 49 and 50. Fully laminar and fully turbulent distribution are
shown. The basic heat pulses--stagnation point and turbulent sonic
point rate histories--are shown in Figures 51 and 52.

Figures 53 and 54 show, for each flight condition, the most severe
severe heat pulse experienced at any point on the tension shell sur-
face. The local transition Reynolds Number is 3 x 105. Delaying
transition to Reg= 106 (a radical assumption) has been found to produce
only about a 10-percent reduction in integrated heating.
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The effects of changing atmospheric models cannot be adequately
demonstrated in graphical form by any one parameter. However,

the general tendency has been to decrease total convective heating

in the thinner atmosphere despite higher heating rates. This

trend is caused, as with other vehicles, by the shorter traverse
times in the thinner atmospheres. At the maximum heating point
(which position varies on the body) on the 4500-pound vehicle, inte-
grated heating decreases by approximately 25 percent from the Model
1 to Model atmosphere 3. Smaller decreases will occur on the 1971
mission vehicle design,

b. Radiative -- Time histories are shown in Figure 55. It is
noted that the area receiving significant radiation is that downstream
of the secondary shock wave. A complete explanation of radiative
heating is presented in paragraph 4. 3.2 as are the reference heating
distribution for this figure.

Because of the complexity of the tension shell analysis and relative
scarcity of previous information concerning this shape, a more ex-
tensive analysis of this shape was performed in the course of this
study phase. It appears desirable to sum up at this point some of the
conclusions pertaining specifically to this shape.

Further refinement is necessary to define the shape which will result
in the tension shell concept. The resulting flow field, comprising a
complex shock interaction system, depends upon the atmospheric
composition, as well as the free-stream velocity. To consider the
complete range of parameters necessary to ensure an adequate shell
design as well as to provide the complete aerodynamic analysis (pres-
sure and heating distributions, coefficients, etc.) requires extensive
theoretical as well as experimental studies. In light of the extreme
heating environments associated with this shape, these studies appear
to be of academic interest. A blunter configuration would result in
reduced heating.

2.3.3 Dynamic Analysis

Various vehicle parameters play a significant roll in the dynamic behavior

of an entry vehicle; in addition, various system constraints and require-
ments interact with these parameters thereby effecting tradeoffs. The
dynamic response of the vehicle can impose severe local aggravations,
especially when considering failure modes. Since preliminary evaluation

of the dynamic characteristics is required prior to a definitized set of mass
characteristics, a parametrization is necessitated. Since there is a broad
range of entry condition possible (entry velocity, angle, angle of attack, etc.)
in addition to several configurations and postulated atmospheres, the para-
metrics seem formidable.
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Limitations were imposed in the analysis to reduce variations and permuta-
tions while still resulting in bases for generalization and providing information
tion relevant to system considerations and selection.

The blunt cone was selected as the principal configuration for investigation,
with the modified Apollo and blunt tension shell receiving a cursory examin-
tion for comparison and corroboration of the generalized trends.

The various limitations imposed on the parametrics follow; typical results
are illustratively presented. Further details have been presented in Refer-
ence 5.

2.3.3.1 Blunt Cone

1. Reference Trajectory Analysis -- The entry conditions associ-
ated with entry form the approach trajectory were investigated for a
particular set of reference conditions to provide a basis for compari-
son. A spin rate of 2.0 rads/sec with an initial angle of attack of 35
degrees into the Model 3 atmosphere were considered for a vehicle
diameter of 200 inches. The lower limit on the ballistic coefficient was
0.15 slug/ft2 with the upper limit defined by the maximum weight con-
sidered, 4500 pounds.

The results obtained were consistent with the results to be predicted from
the straight-line trajectory analysis which are summarized in Table XV.

TABLE XV
ENVIRONMENTAL DEPENDENCE

Criteria Parameter Dependence
Entry Ent.ry m/C_ A Atmo sph.erlc
Angle Velocity D Scale Height
1. Loads Sin yg VEZ m/CpA B
2. . Integrated 1/2 2
. . - 2 2
Heating (Sin yE) 1/2 Ve (m/ CDA) B 1
3. Heatin Sin 1/2 3 2
eating | (Sinyp) 1/ v L2 p
Rates (m/CpA)

Of particular interest is the altitude of chute deployment and its varia-
tion with entry angle and ballistic coefficient (m/CpA). The heavy
vehicle was compatible with a chute system for terminal descent over
a restricted range (y less than -40 degrees, Figure 56) whereas the
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low-performance configuration resulted in an altitude of approximately .
19, 000 feet, which satisfies the chute deployment criteria (Mach 1.3 at

16, 500 feet, for an entry velocity of 25, 000 ft/sec.). As is to be expected

this altitude decreases with increasing velocity (Figure 57).

2. Spin and Despin -- Increased spin resulted in consistently higher
angle of attack histories. As a consequence the effective m/CpA isin-
creased (due to the drag variation with angle of attack) with the concomit-
tant results indicated in Table XV. The variation in parachute deployment
altitude was nominal (decreasing with spin) for the steepest descent tra-
jectories whereas the variation was negligible at shallow entry. The
sensitivity to spin is more pronounced when negligible aerodynamic
damping is present. The resulting angle of attack divergence near chute
deployment not only introduces problems with actual deployment, but in
addition decreases the altitude of deployment (Figure 58). A typical vari-
ation in the angle of attack envelopes for the limiting cases of Newtonian
and zero damping derivative, cm_, is shown in Figure 59. The increased
angle of attack results in the same trends as sociated with an increase in
ballistic coefficient.

Despin can be utilized to negate the deleterious effects of spin commen-
surate with the extent of despin. Although the initial angle of attack in-
creases with despin prior to entry, (due to the increased coning angle)
the convergence is more rapid. Figure 60 presents typical variations

and also indicates later onset of convergence for high spin rates. Again
the trends associated with angle of attack variation can be reflected in the
relative effect on the ballistic coefficient.

3. Mass Characteristic - Offset Center of Gravity -- The angle
of attack convergence for an offset center of gravity is of course limited
in that the trim angle is other than zero and is directly related to the
offset. In addition, a roll resonance can occur with a divergence in the
angle of attack envelope (Figure 61).

a. Products of Inertia -- The products of inertia resulted in
greater coning motionandas a consequence, the angle of attack envelopes
reflect anirregular early entry variationas well as convergence. The
products resulted in an increased angle of attack, however, no trend with
products variation was indicated (Figure 62).

b. Moment of Inertia -- As would be expected with spin an
increase in the roll axis moment of inertia results in a reduced conver-
gence as indicated in Figure 63,

4. Failure Modes --Inorder to fully substantiate the vehicle stability
an analysis of two types of failure modes was undertaken.

Condition 1 -- The assumption the vehicle would fail to spin.
In this event the entry could occur at any angle of attack from zero to
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180 degrees. In order to assure a single trim point both, an afterbody .
and various size flaps were used to pitch the vehicle to « = 0. The con-

dition which was analyzed was an angle of attack of 179 degrees with zero

spin rate and flaps extended.

Condition 2 -- The assumption that the vehicle was spinning, but
that the flaps failed to retract. The condition analyzed was that the entry
angle of attack was nominal for a spining vehicle; that is 35 degrees, spin
rates were set at 1 and 2 rad/sec. and the flaps remained extended to im-
pact although it is quite probable that they would have burned off by that
time.

Condition 1 Analysis - Rearward Entry -- The effect of afterbody
design on rearward entry dynamics has been investigated. The results
indicate that the use of a 1 -or 2 ft2 at the rim of a 15-foot diameter blunt
cone will considerably reduce the envelope of oscillations at peak heating
as well as eliminating any possible rearward static stability.

Figure 64 shows the effect on the time to the start of the first oscillatian,
and Figure 65 shows the resulting envelopes at peak heating and peak loads.
The reference afterbody is the standard 25 degrees truncated cone (Figure 1).

The effect of c. g. location on rearward entry dynamics was investigated.

The comparison of configurations shows that in all cases, the angles of

attack for the flap configuration converge more rapidly than with the after-

body and are also lower at the maximum dynamic pressure. There appears Q
to be relatively little change with center of gravity location with the excep-

tion of the afterbody configuration at the most aft c.g. of 0.27D (refer to

Figure 66). This case is slower converging and also has a higher angle of

attack at the maximum dynamic pressure point (approximately 52 degrees).

Condition 2 Flap Retraction Failure -- The analysis of the flap
retraction failure mode resulted in higher angle of attack motion, down to
impact. The angles of attack for all cases converge and indicated relatively
small changes between the various conditions of spin rate, atmosphere, and
centers of gravity.

With the addition of the flap, the pitching moment coefficient at 180 degrees
is no longer zero but has some finite value. One additional consideration was
therefore made to determine the righting characteristics of the vehicle when
entering at an angle of attack near the C,,=0 which occurs at approximately 240
degrees angle of attack. The angel of attack histories with the vehicle
pitching from the 240 degree position was compared with the afterbody
configuration at 179 degrees, The flap configuration pitches sooner than

the afterbody shape which provides lower angle of attack during the

heating periods.
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2.3.3.2 Modified Apollo Shape

The performance parameters for the modified Apollo shape were in-
vestigated as a function of spin rate and pitch damping parameters.

Of the three performance parameters only the altitude at M = 1.3 is
effected by the value of pitch damping to any sizable degree. This is
also true for variations in spin rate for Cpyy, = 0. The condition cor-
responding to Cm_, = 0 and a spin rate of 3.8 rad/sec will satisfy
required altitude of 16, 500 feet at Mach 1. 3., Altitudes in excess of
this design point are obtained for all spin rates when Newtonian values
of Cmq are used,

The effect of these parameters and moments of inertia on the angle of
attack properties were similar to those of the blunt cone. For all cases
divergence is indicated with Cp,_ = 0 while convergence is indicated

for the Newtonian value. The maximum divergent angle of attack in-
creases as the spin rate increases and, at a spin rate of 8 rad/sec,
diverges to a 33-degree angle for an entry angle of attack of 35 degrees.
Spin rates must be kept as small as possible in order to prevent the
high divergent angles of attack associated with negligible damping.

The moment of inertia effects also show the divergence which is typical
of the zero damping condition. The variations indicate an increase in
the divergent angle of attack as the ratio of I to IYY increases.

Apollo shape - failure mode -- contrary to the blunt cone shape
the vehicle showed a strong divergence following the maximum dyna-
mic pressure condition. This is most likely due to the very strong
influence of the flap compared to the stability of the vehicle itself.
This ratio is larger than that of the blunt cone shape which does not
diverge.

2.3.3.3 Blunt Tension Shape

The blunt tension shape was analyzed for the effects of spin rate and
pitch damping coefficients. The loads and heating increase as the

spin rates increase because the high spin rates produce higher effec-
tive angles of attack and therefore higher effective M/CpA. In like
manner, the Cm, = 0 conditions also produce higher loads and heating.
Generally the effects of Cy,, are small except for the angle of attack
at peak heating which showe% a significant change at y, = -90 degrees.
The altitude at Mach = 1, 0 did not vary with spin rate except for the
Cmq = 0 condition at ¥, = -90 degrees; here the Mach 1 altitude de-
creases with spin rate,
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The angles converge for the Newtonian values of Cyy, and diverge at
low altitudes for Cpy, = 0. The divergence becomes more severe as
the spin rate is increased. An additional divergence is associated
with the static instability at zero angle of attack at supersonic speeds.
The condition is not severe as the vehicle rapidly passes through this
condition and the convergence process continues. For Cmp, = 0 diver-
gence continues and a maximum angle of attack of 34. 4 degrees is
reached with a spin rate of 8 rad/sec.

2.3.4 Comparison of Configurations and Characteristics

The previous sections contained the results of the analytical investigations.
A detailed comparison of these results is now in order and the overall
effects of vehicle shape on the three concepts which have evolved, in terms
of aerodynamic loads, convective and radiative heating, and performance
and dynamics will be considered in this section,

A typical set of entry history parameters which relate to the above categor-
ical considerations is shown in Figure 67 for the 60-degree blunt cone.
Shown are the dynamic pressure history (q), the convective (q¢) and radia-
tive (q,) heating pulse, and the angle of attack envelope (a). These para-
metersare indicative of the effects of vehicle diameter, atmosphere and
entry conditions on the performance for each of the configurations.

2.3.4.1 Loads

Maximum pressure loads for the multi-mission shell (we = 4500 pounds)
are plotted versus diameter for each of the configurations in Figure

68. The points for 200-inch diameter vehicles are based on a 90-
degree entry angle into an interpolated atmosphere which results in an
altitude of approximately 15, 000 feet at M = 1. 3, The corresponding
data are plotted for the 1971 mission (M/CDA 0. 15) in Figure 69, and
indicate no significant dependence on the diameter when the perform-
ance (M/CpA) is specified,

Figures 70 and 71 compare the maximum loads in atmosphere Models
1 and 2 for the three configurations as a function of diameter for an
entry weight of 4500 pounds. (The high weight precludes steep entries
into atmosphere Model 3. )

Particle trajectories have been computed simulating the revised design
entry conditions for each of the entry shapes as explained below,
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1., Concept (B) - Multi-Mission Structure -- Maximum load is
obtained for the maximum weight (4500 pounds) entering the Model 2
atmosphere at -90 degrees ( V., = 23, 800 ft/sec).

2. Concepts (C) and (D) - 1971 Structure and Future Mission
Shell -- Specified by LRC to be designed for M/CpA = 0. 15 at an entry
angle of -90 degrees in the Model 3 atmosphere.

A summary of the loads obtained in particle trajectories for these de-
sign conditions is provided in Table XVI. It should be pointed out that
a particle trajectory results in the minimum load for a given set of
entry conditions. The effect of angle of attack at entry is to increase
the peak values of dynamic pressure and axial g as will be shown later.
A rearward entry can cause loads 25 percent greater than indicated in
the table. Table XVII shows the loads resulting when the entry angle
of attack is 179 degrees, and no flap is used to improve the righting
moment,

2.3.4.2 Integrated Heating

Greatest integrated heating is obtained at the shallowest entry angle,
-20 degrees. Integrated heating variation with vehicle diameter is
summarized for the three configurations in Figures 72 through 74 for
the entry weight of 4500 pounds in each of the atmospheres. It is seen
that convective heating (QS and Ql) is greatest in the Model 1 atmos-
phere, while the radiation heating (QR) is greatest in the Model 2 at-
mosphere, Subscripts s and 1 refer to the stagnation and sonic points
respectively. Sonic point heating is based on computed convective
heating distributions. (For the tension shell, maximum heating point
data are given instead of sonic point data. )

It can be seen that the heating at the rim of the tension shell configura-
tion (about 40 percent of the surface area) is an order-of-magnitude
higher than that for the other shapes. This resulted in heat shield
weights which were far greater than originally estimated. A similar
study was performed for the 1971 mission (M/CpA = 0. 15), At this
M/CpA, radiation heating is much less. Only atmosphere 1 need be
considered for heat shield design. Figures 75 through 77 summarize
the heating as a function of diameter for the three configurations.

A further analysis of the revised design concepts was undertaken on
the following definition of ground rules:

1. Concepts (B) and (C) - 1971 Heat Shield -- Heat shield to be
designed for M/CpA = 0. 15 evaluated at an entry angle of -20 degrees
in the Model 2 atmosphere,
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TABLE XVI

LOAD SUMMARY

D = 15 feet Ve = 23,800 ft/sec ZE_= 800, 000 feet

(From Particle Trajectories)

Peak
Reference Dynamic | Peak Design
Shape Weight | Atmosphere Ye Trajectory | Pressure g Concept
(pounds) (degrees) (psf)
Modified Apollo 4500 2 -90 986-17.1 1098 73 (B)
Modified Apollo 1450 3 -90 986-12 775 161 (C) & (D)
Blunt Cone 4500 2 -90 987-11.1 1152 73.3( (B)
Blunt Cone 1390 3 -90 987-6 777 161 (C) & (D)
Blunt tension shell 4500 2 =90 988-9.1 1114 73.3| (B)
Blunt tension shell 1435 3 -90 988-6 778 161 (C) & (D)

TABLE XVII

LOAD SUMMARY

Dynamic Trajectories (a, = 179°) - 25-degree Afterbody

D =15 feet yE=-90degrees v = 23,800 ft/sec zZp = 800, 000 feet
Peak
Design Dynamic Max | Max | Reference
Weight | Atmospheres| Concept |Pressure [ a peak D/W |N/W | Trajectory
(1bs) (degrees%

Modified Apollo:

4500 2 (B) 1333 11 89 3 5-2
1450 3 (C) & (D) 1020 22 211 11 5-1
Blunt Cone:

4500 2 (B) 1426 16 91 7 6.2
1390 3 {(C) & (D) 1009 20 209 19 6-1

Blunt tension shell:

4500 2 (B) 1375 9 87 10 7-3.1

1435 3 (C) & (D) 1110 31 224 42 7-2.1
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2. Concept (D) - Future Mission Shell -- Heat shield design for
maximum weight (4500 pounds), evaluated at an entry angle of -20
degrees in the Model 3 atmosphere,

A comparison of the heating obtained in particle trajectories (a, =0
degree) for these design conditions is provided in Table XVIIL The
results indicate that the tension shell still has the greatest heating and
will require the heaviest heat shield, Of the remaining two shapes,

the blunt cone has the higher convective heating, but the least radiative
heating.

Some explanation is required for the integrated turbulent sonic point
heating (Qg*) data. For the modified Apollo and blunt cone, sonic

point integrated heating is given, but for the tension shell, the maximum
heating rate extant is indicated.

The maximum equilibrium radiative heating given in the table occurs
at the stagnation point on the modified Apollo, but occurs toward the
rim on the other configurations. A typical comparison of radiation
and convective heat pulses is shown in Figure 78. (Again the basic
convective pulse is at the stagnation point for the blunt vehicle and at
the maximum heating point for the tension shell,) Atmosphere 2 - the
atmosphere producing maximum radiation is used here as an indication
of the upper level of radiation for concepts B and C.

2.3.4,3 Dynamics

The blunt tension shape attains a Mach No. of 1. 3 at the lowest altitude
followed by the blunt cone and modified Apollo in increasing altitude
order. All of the shapes meet the requirement of a 16, 500 foot altitude
for Cpm,, = Newtonian, For Cmg = 0 each of the shapes can achieve the
16, SOOSfoot altitude, provided 313.1: spin rates are minimal,

The comparison of maximum dynamic pressure indicates relatively
small changes between the three shapes with the highest pressure oc-
curing at the high spin rates with the blunt tension shape. This oc-
curred for both Cmq = 0 and the Newtonian value.

The pressures on the modified Apollo were lowest and those on the

blunt cone were intermediate. The crossing of the curves at the low
spin rates show only small changes between the three configurations.
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2.3.5 Problem Areas

The primary problem area was the consideration of the real-gas effects.
The stability and performance analyses are confronted with a dearth of
aerodynamic coefficient data for a specific configuration and that data
available is limited to ideal gas conditions. Considerable effort was ex-
pended to include real gas eifects on the coefficients as well as on the heat-
ing and pressure distributions. Correlation between the ideal and real gas
effects were effected by means of the stagnation point to free-stream density
ratio, p,/p, » which facilitated the ancillary analyses associated with the
parametric study. By this means computer programs which handle air

- calculations could be used by determining the equivalent flight conditions
resulting in identical density ratios for air and the Martian atmospheric
model composition. These procedures, while adequate for evolving the
pressure and heating distributions and the drag coefficient, are suspect
with regard to the normal force and moment coefficients since these para-
meters are the result of differentials rather than absolute quantities. The
data, however, do indicate some correlation, On the other hand, shapes
with multiple shock flow fields require further analyses., The blunt tension
shell configuration, which falls into this category, was examined by a de-
tailed flow-field analysis, which for expediency and within the time-scale
extant was conducted manually rather than attempting to automate the pro-
cess. The correlation of the density ratio was accepted as applicable to
the tension shell configuration with detailed distributions obtained initially
for the specific flight conditions and atmospheres during the critical phases
of entry (peak loads, heating, etc.).

In addition to the static coefficient the dynamic coefficients, specifically
the damping moment, presented a problem. Although ground-test data
indicate Newtonian theory is adequate in the hypersonic regime, the data
digresses within the transonic regime, the exact Mach Number for which
this digression occurs depending primarily on the vehicle shape. This
often results in positive damping moments (dynamically unstable); however,
evidence exists that these phenomena are associated with smooth contour
shapes, especially in the maximum diameter and afterbody region. The
hysteresis between the separated wake and shock interactions in this region
gives rise to the dynamic instability, To circumvent or to minimize these
phenomena the configurations considered terminated abruptly at the maxi-
mum diameter, with the afterbody size minimized within the packaging and
turnaround capability requirements. Subsonic tests indicate that this is
also beneficial in this flight region, the data indicating better than Newtonian
damping.
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The afterbody poses an additional complication since, in addition to the
turnaround ability requirement, packaging considerations and spacecraft
interfaces must be factored into the design. The afterbody configurations
are important in that a considerable portion of the vehicle surface is
associated with this region (greater than 50 percent for the blunt cone and
modified Apollo shapes), The rearward entry possibility (a failure mode)
poses a design problem in establishing the environments not only for the
rearward attitude but also for the low angle of attack condition. Since all
shapes are characterized by sonic conditions at the maximum diameter,
little variation in the base pressures is to be expected. Instead this pres-
sure is primarily dependent upon the Reynolds Number at the separation
point. Difficulty is experienced when applying theory in that the sonic
condition results in singularities in the analyses, The data that exist indi-
cate pressures higher than free-stream valves, with the possibility of
comparatively high heating. Very little data exist with which to analyze
this region of the configuration.

The tension shell presents a major problem in the definition of the flow
field about the body. Such definition must be made with sufficient accuracy
for design purposes. Although the methods developed to deal with the flow
field are of sufficient accuracy to define the tension shell performance
relative to that of the blunt cone and the modified Apollo shapes, a highly
refined analysis will be required for final design.

Inthat phase, flow~field definition will require determination of the boundary-
layer and blowing effects as well as of the inviscid flow field. To do so
within the accuracy required by the stringent trajectory constraints while
allowing for atmosphere-based unknowns will be difficult. The tension
shell (either sharp or blunt) form is characteristic of a sharp-nosed body.
The frontal shock system and the flow behind it are not, therefore, simply
functions of the stagnation density ratio -- low-speed, high-density flow
affects a maximum of 1 percent of the surface - but are, rather, dependent
upon the composition of the atmosphere and the free-stream velocity as
well as the local density ratio,

The effect of this complex dependency is that a long and costly development
program will be required. Flight testing can not adequately define the
effects of atmospheric composition. Flight testing can however substantiate
the effects of other variables and analyses. A great deal of emphasis
would, therefore, be placed on wind-tunnel and shock-tube testing despite
the inherent scaling and nonequilibrium problems. The expense would be
greater than that associated with the blunt shapes, to provide an equally
confident configuration,
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3.0 AERODYNAMICS - CONCEPTUAL DESIGN
PROBE, ENTRY FROM ORBIT

3.1 INTRODUCTION AND SUMMARY

The initial aerodynamic analysis for the entry from orbit consisted of a para-
metric study. It was conducted to provide an indication of the tradeoffs asso-
ciated with various orbital parameters and to definitize various system con-
cepts. These tradeoffs were based on the values of environmental loads and
heating and the related structural and heat shield weights. Subsequent to the
parametric analyses, an initial operating y, -V, map was determined; a spin
system was considered as the backup mode for the attitude control system.
Analyses were conducted for this concept to provide both the environments and
the performance prior to the final selection of the range of entry conditions
(ye-V, map) and selection of the entry mode (both reference and backup failure
mode designs).

The aerodynamic analyses were conducted for the blunt-cone configuration

that evolved from the entry from the approach trajectory phase of the study.
Further system requirements and constraints (associated with the spacecraft
interfaces and minimum weight requirements) resulted in the selection of a
minimum weight afterbody configuration for the reference design and final per-

formance analyses, ~

The aerodynamic analyses provided the information necessary to 1) define the
environments which led to the selection of the design criteria, and 2) evaluate
the performance and stability for the candidate configuration,

The specifying of the environments required additional flow=-field analyses to
account for the flight parameters and atmospheres associated with the entry
from orbit. The methods and techniques used were similar and in some cases
in common with the entry from the approach trajectory. Details of the analyses
are presented in paragraph 2. 4.

The atmospheres considered (VM-3, 4, 7, and 8) were somewhat redundant in
that, although the surface pressure varied, the characteristic scale heights
(which is of primary importance for the loads and heating environment) were
the same for VM=-3 and VM-7, The atmospheres VM-7 and VM-8 (the low-
pressure atmospheres) were selected for design purposes. The same environ-
ments would be expected (except for gravitational effects on the trajectory) but
at a different altitudes for the VM-3 and VM-7 atmospheres, An apparent ano-
maly occurs as the skip limit is approached - lower velocities resulted in
higher loads than for the high velocities. This is due to the fact that the high
velocity entries remained at high altitudes giving low dynamic pressures.
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It is of interest to note that for the spin mode, using the appropriate initial
angle of attack for a particular entry condition (determined from separation
geometry), the highest angle of attack case evolved the critical load. The ref-
erence design critical loads were associated with the maximum entry velocity.

3.1.1 Configuration Description

The aerothermodynamic analyses were conducted on the spherically blunt
cone (RN /RB = .25) with one-half angle of 60 degrees., Three afterbody
configurations were considered. These configurations were established
primarily on the basis of system requirements and interfaces, and in par-
ticular on the basis of antenna requirements and the bus attachment and
separation considerations. The configurations are shown in Figures 79,
80, and 81. The reference design configuration (Figure 81) was selected
on the basis of the above considerations as well as minimum weight, The
performance (i.e. turnaround capability) of the three was comparable on
the basis of Newtonian predictions. The dearth of data relevant to the con-
figurations considered precludes a definitive statement about the rearward
stability. Data that are available indicate a neutrally stable trim point,
Therefore, flaps have been included to ensure the existence of only one
stable trim point. The configuration considered relies upon a sharp break
in the body contour to provide a stable separation point to enhance the
transonic stability. Although the optimum shoulder radius is zero (maxi-
mum drag also results in a maximum payload), a 2-inch radius (Rg/D =
1/90) has been considered due to mechanical reasons.

The configuration has discontinuities in the body contour in addition to the
flaps in the form of both protuberances and cavities associated with the
thrust vector control and attitude control system nozzles. Although these
were not considered in the vehicle performance evaluation, their inter-
action with the environment and concomitant local heating aggravations
have been considered in the design analyses.

3.1.2 Requirements, Constraints, and Design Criteria

Initially, vehicle diameter and mass were considered parametrically
along with the entry conditions consistent with the range of orbital para-
meters selected. The effects of spin were also determined parametrically
and later analyzed for a specific system (the initial angle of attack is a
function of the separation geometry, which in turn depends upon the orbit
and desired entry velocity and angle).

The final analyses concentrated on a conceptual design consistent with the
range of entry conditions that are compatible with system requirements
and constraints. In the sections to follow, the aerodynamic analyses for
the entry from orbit have been divided into three parts:
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Figure 79 BLUNT CONE AFTERBODY GEOMETRY - ORIGINAL (EFAT) CONCEPT
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Figure 80 BLUNT CONE IMPROVED SEPARATION CONCEPT
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Figure 81 BLUNT CONE MINIMUM WEIGHT CONCEPT
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a) Parametric Studies
b) Spin-System Design
c) Reference Design
3.1, 2.1 Entry Conditions

1. Parametric Studies ~- The entry conditions were based on
the anticipated variations to be obtained from the de-orbit analyses.
Entry velocities ranged from 10, 000 to 16,000 ft/sec, with flight path
angles of -30 to -8 degrees. The entry angle of attack range consi-
dered was 30 to 120 degrees with spin rates varying from 1 to 5 rads/
sec.

2. Spin-System Design -- The spin-system design analyses were
conducted for a specific y, - V. map which resulted from a de-orbit
error analysis. The upper bound (maximum entry angle for a given
velocity) was dictated by the descent system requirement. The re-
sulting range of velocities and angles is significantly reduced (see
Figure 82) from those considered in the parametric study. Also in-
dicated, and most important are the angles of attack at entry (excluding
the precession cone angles associated with AV rocket thrust misalign-
ments). It is seen that the angles of attack for entry at high velocities
(entry from very elliptical orbits) are nominal whereas the angles of
attack are as large as 90 degrees at lower velocities, this has a sig-

nificant effect on the critical environments as will be indicated later.

In addition to the angle of attack at entry, the precession angles asso-
ciated with de-orbit thrusting must be included to define the necessary
conditions for the dynamic analysis. Figure 83 illustrates the results
of an error analysis showing the reduced coning angles and rates asso-
ciated with high spin rates. Despin requirements varied from full
despin to none at all. The selected design spin rate was 40 RPM con-
sistent with de-orbit dispersion errors.

3. Reference Design -- Various system considerations, in addi-
tion to limiting the range of orbital parameters, resulted in a further
modification of the entry conditions (see Figure 84). In addition to the
changes in entry velocity and angle, the spin-despin mode was elimi-
nated. Maximum angular rates were limited to 0.1 rad/sec. Various
combinations of this limiting rate were considered for the failure
mode - e.g., rearward entry with spin, tumble, etc.
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3.1.2.2 Atmospheres

The atmospheres considered were the VM-3, 4, 7 and 8 (see Table
XIX)., Considering the scale height variation among these atmospheres
it was expected that the VM-3 and VM-7 atmospheres would result in
the maximum integrated convective heating whereas VM=8 would be
critical in so far as loads and performance are concerned. None of
the atmospheres at the entry velocities considered resulted in any
substantial radiative heating., The two low=-surface pressure atmos-
pheres considered were analyzed in depth while a cursory investiga-
tion of the others was made.

3.1.2.3 Vehicle Parameters

The critical parameter which will ultimately determine the payload
for a given diameter is the ballistic coefficient (M/CDA). The mini-
mum weight associated with a given diameter is that determined by
the terminal descent requirements which imposes a limit on M/CpA.

The parametric studies considered a large variation in diameter (60,
120, and 180 inches) for the blunt-cone shape with the ballistic co-
efficient varying from . 15 to . 33 slug/ft2.

The three design concepts considered spin, spin-despin and reference

design, restricted the analyses to a diameter of 180 inches and a
ballistic coefficient of approximately . 2 slug/ft2.

TABLE XIX

ATMOSPHERE PARAMETERS

Atmosphere VM-3 VM-4 VM-7 VM-8
Surface Pressure 10 10 5 5
{millibars)
Composition [ N, 80 0 80 0
by Volume CO; 20 70 20 100
A 0 30 0 0
Inverse Scale Height 2.15 5. 89 2.15 6,07

(FT-1 x 10-5)
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3.1.3 Concepts and Performance Summary

3.1.3.1 Concepts

The parametric analyses were conducted with the objective of deter-
mining various system tradeoffs. As a result, three design philoso-
phies or concepts evolved for which conceptual design studies were
performed. All these concepts considered attitude control as the
reference mode, the differences were related to the backup or failure
mode. These concepts were as follows:

1. Spin Concept -- To provide for ACS malfunction a spin sys~-
tem was utilized to minimize dispersion which results from thrusting
errors.

2. Spin-Despin Concept -- To eliminate the deleterious aspects
of spin on the entry performance despin was considered.

3. Reference Design -- The weight penalties associated with
the spin system were such that spin as a backup mode was eliminated.
The reference design considered an ACS malfunction in terms of maxi-
mum angular rates. A '"sentry" sensing any angular rate greater than
0.1 rad/sec immediately terminates the ACS. Entry at any attitude
is possible with this mode.

All designs considered a shell diameter of 180 inches. This diameter
was selected from the parametric study as consistent with the system
requirements and growth/potential, (the optimum diameter however,
was found to be smaller). The diameter, in addition to the ballistic
coefficient considered, resulted in mass characteristics similar to
the 1971 mission considered for the entry from the approach trajec-
tory.

Two atmospheres VM-7 and VM-8 were considered for the heating

and loads, respectively. The concepts considered had no influence on
the atmospheric model selection, in contrast to the concepts considered
for the entry from the approach trajectory.

In the case of the spin system, a failure mode consisting of a AV roc-
ket separation malfunction was considered which increased the entry
weight, The reference design, utilizing a constant Av,, results in a
small -weight increment (motor casing) in contrast to the spin case
where unspent fuel is also retained. In addition to the weight con-~
sideration, there is also an effect of the failure mode upon the center
of gravity.
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Both the spin system and the reference design considered entry con-
ditions which resulted in prolonged exposure of the maximum diameter
region to stagnation point heating. In the spin system case this was
the result of orientation of the vehicle at entry associated with the
separation geometry; for the reference design this was the result of
an extreme for random entry. The sensitivity of the total weight to
the heating in this region is obvious, however, the only means for re-
ducing the heating in this region is by increasing the shoulder radius.
The effect of this on the vehicle drag is such that the allowable pay-
load weight decreases faster than the heat shield weight requirement
(the ballistic coefficient is held constant),

Difficulty was experienced in the determination of the design environ-
ments for the spin systems. Since each point on the Ye = V. map can

be associated with an orbit (also true anomaly) in addition to a given
separation geometry (AV and thrust application angle), there is also
associated with each point a given angle of attack and coning angle and
rate, The trend observed showed increased angles of attack with de-
creasing entry velocities. The design point for the spin systems occur
for the entry conditions which result in the maximum angle of attack.

3.1.3.2 Design and Performance Summary

1. Concepts -~ Direct comparisons of the concepts analyzed
are difficult since the entry variations tend to mask the effect of the
system concept on the environments. The tabulation given in Table XX
reflecis the design conditions for the maximum diameter region which
is most indicative of the relative environments and penalties in the
design (i.e., weight), Although the stagnation point heating does not
vary systematically, the heating at the zero-angle-of-attack sonic
point (S/Ryy = 4. 5) definitely reflects the angle of attack effects asso-
ciated with the concept. This is also evident from the results given
in the loads summary (Table XXI), where the maximum loads for the
spin system are evolved from the maximum angle of attack at a nomi-
nal velocity., The following general comparison applies to the con-
cepts considered:

Concept Loads Heating
1. Attitude Control System Lowest Lowest
2. Spin System Highest Highest

3. Spin-Despin System

Less than with
spin

Higher than ACS

Less than with
spin

Higher than ACS



b

1 o€ 65 0 (s90180p) 1o
¥27 G "6¢ 6L G's (°°8z¥/n149)
‘(6% = Nu/s)b XVIN
(2¥/n1rd)
GOLT $812 0¥29 L29 ‘(6 '% = Na/s®
981 881 9°€2 9°91 (P28z¥/n1d) b XVIN
L2272 06L1T 2502 0061 (z¥/n1d) sO
q
06 98 98 0 (seo2a8ep) "7
22 0z* 0z"* 22" (z¥/8n1s) vdo/w
L=-NA L=-INA L=INA L=WA WIV
q
pi- 821~ 821~ vi- (se918ap) 4
C!
002ST 00671 00621 00251 (0o9s/33) A
0¥ 0?2 G681 G681 0¥0? (spunod) m
S1 S1 S G (3993) a
udisaQg (uidg Tertul wda oF) (wdx o%)
90UaI9aIodYy dnyoeg urdssg-uidg dnyoeg uidg wra3sdg [013U0)) APNIINY 1daouon uldisa(g

11930 40 1NO A¥LINI - ONILVIH NOISIA 40 AYVWWNS

XX 318Vl

-146-




210
(e2303

8 LI 0?7 62 ¥1 [RIXY WNWIXeN) o
(seoa8ap) b
o1 81 Lz 0 WRWIXeN Fe 2
821 0€T 881 06 (33/ 1) wnwxe “b
4
6L1 €06 £€°06 0 (seaxdap) "7
22" 0Z"* 0z * 22" (2¥/s8n18) vAD fu
8-WA 8=NA 8=WA 8=NA axaydsowly
q
91~ 8 LI- 8 LI~ 91~ (s92180p) 4
q
00251 00L21 00L21 002S1 (cas/33) A
0¥ 02 G681 Gs81 0%0? (spunod) m
S1 ST S1 S1 (123) a
udisaQg (urdg TerTur wdx OF) (wda o%)
adouaxajey dnyoeg urdsa-urdg | dmyjoeg urdg | wajsdg (013D APMIINIY 1deouon uldisa(g

L1930 40 1NO AYINI - SAVO1 N9ISIA 40 AYYWWNS

IXX 379Vl

=147~



The spin system weight penalties are associated with the initial angle .
of attack (approximately 90 degrees for the design trajectory) coupled

with the spin, which exposes the maximum diameter to stagnation

point heating. In addition the drag of the vehicle is minimized at this

angle of attack thereby increasing the effective m/CpA which aggra-

vates the heating (and the loads) further.

The above penalties associated with the spin and spin-despin modes of
entry in addition to systems considerations resulted in a tumble mode
being selected as the failure mode for the attitude control system.

2. Reference Design Summary -- The failure mode selected for
the reference designs was that associated with an attitude control
system malfunction, wherein any rate exceeding 0.1 rad/sec resulted
in an immediate ACS termination. Various combinations of this rate,
either in spin or pitch, with angle of attack were considered. The
maximum loads were associated with rearward entry with a spin rate
of 0.1 rad/sec. The loads are summarized in Table XXII. The de-
sign loads were obtained for the maximum effect due to planet rota-
tion (entry with rotation along the equator). The actual loads asso -
ciated with entry were obtained considering Syrtis Major as the de-
sired impact area. The variation in the orbital inclination angle with
the equator is between 40 and 60 degrees. The actual maximum loads
that would be experienced with these limitations is designated in the
table as "Loads". Also summarized are the loads associated with a
nominal entry (zero-angle of attack) as well as those experienced for
the critical heating (heat shield design point) entry. The design en=-
vironments are seen to be slightly conservative thus providing a
safety margin over the expected operational map.

The maximum heating was predicted to occur for a non-rotating planet
condition. The design heating environment associated with Syrtis
Major entry were obtained and compared in Table XXIII, The heating
was obtained for the critical loads trajectory to provide the structural
temperature for the structure design point. The margins on integrated
heating are evident at both the sonic point and the stagnation point.

The variations in the sonic-point heating is not only the result of the
entry conditions but also of the dynamics since the major part of the
sonic point critical environment (in terms of integrated heating) occurs
at angles of attack greater than 30 degrees.

3.1.4 Comparison with Entry from Approach Trajectory Studies

A comparison between the entry from orbit and the entry from the ap-
proach trajectory is possible since the vehicle size and performance are
comparable. The significant parameter change is that of the entry velocity
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TABLE XXiIl

LOADS SUMMARY (Performance)

(aE= 179° p» =.1 RAD/SEC)
Reference Syrtis Major Impact
Design Nominal Heating Loads
(particle) (Critical Design | (Critical Design
Point) Point)
VE Inertial 15, 200 15, 200 15, 200 15, 200
Ve Coordinates -16° -15° -14° -16°

Atmosphere VM-8 VM-8 VM-7 VM-8
Azimuth No Rotation 50° 60° 40°
At Maximum X/W:

X/W 15.9 10.1 4.1 13.6

N/W .61 .01 .22 .54
e, (1b/ft2) 114.6 72.0 31 98. 3
oc (degrees) 10,3 .28 13.5 10.1
e (rad/sec) 1.63 .03 .9 1.6
% (rad/sec?) 15,0 .25 4.3 15
At Maximum N/W:

X/wW 15.7 8.5 3.2 11.5

N/W .71 .01 .25 . 61
a, (Ib/ft?) 113, 2 60 27.5 83
< (degrees) 13.8 .39 16.7 13.5
oc  (rad/sec) 1.53 .03 1.2 1. 84
o (rad/sec?) 9.8 .31 5.6 15,1
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which is reduced approximately 35 percent for the entry from orbit case,

The entry angle was also reduced; this also had a major influence on the
environments.

A comparison of the atmospheres considered can be summarized in the
following table for the critical design conditions:

Atmosphere Model 2 Model 3 VM7 VM-8
Surface Pressure (mb) 25 10 5 5
Composition N, 89, 2 51.2 80 0

by Volume CO, 10. 8 48, 8 20 100
A 0 0 0 0
Inverse Scale Height 2,18 4, 695 2,15 6.07
(FT-1 x 10-9)

The convective heating resulting from entry into the Model 2 and VM=-7
atmospheres should be comparable on the basis of the inverse scale height
comparison, The VM-8 atmosphere should be more critical than the

Model 3 atmosphere in terms of loads. The reduction in entry velocity
eliminated the effect of radiative heating; however the contribution of the
radiative heating to the thermal protection system design for the entry from
the approach trajectory cases was small. The comparison of the convec=-
tive heating for entry from orbit and entry from the approach trajectory is
given in Table XXIV,

The most significant variant from the entry from the approach trajectory
is the reduction in the entry velocities. The environment becomes devoid
of radiative heating, greatly simplifying the analyses. However, the con-
sideration of near skip entry angles results in significant low-density ef-
fects such as vorticity interaction and variation in entropy along the bound-
ary layer, both of which increase the heating. Although the heating levels
are significantly lower for entry from orbit, the shallow entry angles

give comparable integrated heating.

The loads were an order-of-magnitude less than those experienced during

entry from the approach trajectory as a consequence of the lower velo-
cities and shallow entry angles.
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An additional interface was introduced in the performance evaluation.

The characteristic coning motion associated with a spinning vehicle enter-
ing an atmosphere results in a possible loss in communication due to
antenna pattern directionality., The time during which this loss occurs is
a function of the initial angle of attack, entry velocity, entry angle and
atmosphere, Additional difficulty in communication or blackout occurs
because of the plasma sheath and contaminants in the heat shield material.

Heating for the entry from orbit results in significantly higher heating in
the region of the maximum diameter. When comparing the spin systems
the variations in initial angle of attack result in an order of magnitude
higher heating at the maximum diameter location for the entry orbit. The
entry from orbit has however resulted in a significant decrease in the
loads as shown in Table XXV,

The dynamic behavior was similar for both cases and it was found to be
satisfactory. No divergence was obtained or anticipated with the coeffi-
cients used, Transonic stability and the rearward stability derivatives
were based upon Newtonian results. The primary differences in the dyna-
mic behavior were those associated with spin. The difference in the sepa-
ration geometry between entry from orbit and approach trajectory resulted
in larger angles of attack and higher rates for the former due to the larger
magnitude of the thrust vector. These resulted in much larger angle of
attack envelopes.

3.1.5 Conclusions and Problem Areas

Entry from orbit, although resulting in lower velocities, does not decrease
the severity of the environments to the degree expected. The shallow en-
try angle effects, although contributing in part to the increased heating,
were subordinate to the angle of attack and spin effects,

Spin effects were found to be most important and critical, resulting in
substantial increases in heating which could be reduced by despin, The
despin, being initiated at the onset of aerodynamic loads to avoid tumbling,
still results in excessive heating in the maximum diameter region. This
local heating effect (due to the location of the stagnation point at angles of
attack greater than 30 degrees) can be alleviated somewhat by increasing
the local radius; however this will result in a decrease in the drag coeffi-
cient which, for the same ballistic coefficient, reduces the total weight
allowable by an amount which is greater than would be realized in heat
shield weight reduction.

To avoid the attendant environmental problems associated with a spin sys-
tem (including despin), only an attitude control system with limited failure
mode considerations can be considered. Although the failure mode consi-
dered for the reference design resulted in rearward entry, the effects on
the environment were tolerable.
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On the basis of preliminary investigations an afterbody significantly smaller
than considered during the entry from the approach trajectory study is
possible with flaps provided to ensure rearward instability. The data
available (after correcting for forebody geometry and center of gravity)
indicate no worse than neutral stability for a cavity-like backside contour
(the afterbody is recessed within the blunt-cone shell) which can be easily
modified by flaps. In addition the turnaround capability at angles other

than 180 degrees is enhanced by this cavity or dish.

Further test data are necessary not only to establish the rearward in-
stability but to confirm that a discontinuity at the maximum diameter
eliminates the transonic stability problems. This discontinuity, it is
believed, will provide a stable separation point for the wake eliminating
the possibility of an hysteresis process between the local boundary-layer
shock-structure -interaction at transonic speeds.

Test data are also required to establish the real-gas effects on the pressure
and heating distributions and the aerodynamic performance derivatives.

The low-density effects were found to be very significant for entry from
orbit due to the prolonged exposure to the environment at high altitude.
Vorticity interaction accounted for an increase of 15 percent of the heating
over the entire body with an additional increase of 40 percent over the
conical portion of the body due to varying entropy (conical heating effects).

3.2 DESIGN CRITERIA

The general discussion of critical design environments and problems associated
with definition of design criteria, in paragraph 2.2 of this book, apply here
as well.

Considerably more detailed study was required in the entry from orbit analysis
to account for the prolonged exposure to the heating environment at high angles
of attack. In addition the various initial conditions at entry resulted in con-
siderable complexity in evolving the critical design environments.

Preliminary thermal protection system analysis indicated the critical heating
environment was that which resulted in the maximum integrated heating. This re-
sulted from the relative insensitivity of the heating pulse to the entry condition
variation for the conceptual designs under consideration. The pulse time was
relatively invariant with the entry condition variation for the conceptual de-
signs. Thus detailed analysis could be restricted to the entry conditions which
resulted in the maximum integrated heating. The most sensitive body station
was the maximum diameter location where environment was closely coupled

to the trajectory and dynamic behavior. This in turn was critically dependent

on the entry conditions.
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The flow-field analyses had to be extended to encompass the wide range of Q
angles of attack associated with the entry condition variations. The evolved

pressure and heating distributions were considered invariant with the atmos-

pheric composition and as such the previously generated low angle of attack

distributions could be utilized. The normalizing parameters (stagnation point

heating and pressure) were evaluated for the appropriate atmosphere.

The evolution of the critical environments for the three concepts considered

in the analysis (spin, spin-despin and reference design) was tedious, requiring
the analysis of many dynamic trajectories to determine the maximum thermal
and aerodynamic loads.

3.2.1 Spin and Spin-Despin Criteria

Results from the de-orbit dispersion analysis were used to define the entry
conditions in terms of entry velocity and angle, angle of attack, coning

angle and rates. The lower envelope of entry angle was utilized for the )
heating analysis whereas the upper envelope was used for the loads analysis.
The critical environments were obtained by completely covering the
operational Vg - yg bounds, as given above, to determine the maximum
loads and integrated heating.

3.2.2 Reference Design

The spin and spin-despin modes required analyses to determine the appro-
priate yp and Vg which resulted in the critical environments. The reference
design, in constrast, required analyses with respect to the appropriate
rates and angle of attack. The critical entry velocity was the maximum
within the operational yp - Vg map (resulting from a modified de -orbit
dispersion analysis). The variation in angle of attack and rate indicated
that a particular body station would require analyses at different entry
conditions; for instance, the stagnation point critical environment is
obtained for a ninety degree angle of attack, which is also critical for the
maximum diameter regions. An angle of attack of 180 degrees is critical
for the afterbody region. Further analyses were performed to evaluate
the aggravations due to protuberances and cavities, primarily those asso-
ciated with the attitude control system and thrust vector control. An
additional environment of importance for the afterbody is that generated
by the exhaust plume from the de-orbit rocket.
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3.3 RESULTS AND DISCUSSION

The entry from orbit analyses were conducted in three phases which comprised
(a) a broad parameter study, (b) an initial conceptual design utilizing spin-
despin as a backup mode, and (c) the final reference designs. The parametric
studies utilized the blunt-cone configuration which evolved from the entry from
the approach trajectory studies. This shape was retained in the spin-despin
analyses, but was modified on the basis of system considerations to a minimum
weight configuration for the reference design.

3.3.1 Parametric Studies

The reference blunt-cone shape (60-degree cone blunted with a spherical
nose whose radius is one-quarter of the base radius) with an afterbody

(see Figure 79) was used in the parametric studies. The range of diameter
and mass was such that the mass characteristics (nondimensionalized)
were assumed comparable to those that evolved from the entry from the
approach trajectory.

The primary purpose of the parametric studies was to define the variation
of the environments, both aerodynamic and thermal, and their dependence
on vehicle diameter, mass and entry conditions. These in turn permitted
the determination of the shell weight tradeoffs. In addition, various system
tradeoffs could be effected by means of parametric studies associated with
spin and angle of attack.

3.3.1.1 Mass and Aerodynamic Characteristics

The variation in mass was consistent with the variation in vehicle
diameter and ballistic coefficient. The bounds of these parameters
were

0.15< m/CpA < 0.25 slugs/ft2
and
5 < D < 15 feet

The inertial characteristics were given by the radii of gyration and
the center of gravity, which were o /D= 0.224, ay/D = 0.182, and
X, g /D= 0.21, respectively.
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The aerodynamic coefficients used are those .previously shown in
Figures 83 to 85.

3.3.1.2 Heating and Loads

1. Particle Trajectories -- The broad range in entry velocity
resulted in a large variation in the characteristics of the heat pulse.
High rates of short duration are associated with steep entry angles,
whereas the shallow entry angles near skip result in low rates, but
in a pulse duration which gives a maximum integrated heating.

Similar results were obtained for the variation in ballistic coefficient,
velocity and atmosphere. These results are most efficiently presented
in the form of carpet plots for the atmospheres considered (Figures

85 to 87). The variation with diameter are obtained by means of the
geometric correction Vv RN/RNO. Permitting a simple scale adjust-
ment. The increase in heating as the skip limit is approached is
indicated as well as the increase with the increase in the ballistic
coefficient. Velocity has been used as the carpet parameter, the
lower limit of which is given by the entry from a 2000 -km circular
orbit.

Typical load (the maximum stagnation pressure) variations are given
in Figures 88 to 90 as a function of entry angle for various velocities
and vehicle performance. As expected the loads increase with entry
angle, however, an anomaly is observed at shallow angles near skip
where the lower velocities result in higher loads. This is a reflection
of the gravitational effects on the trajectory - the lower velocities
being more sensitive to these effects with the result that at the instant
of maximum loads the descent is steeper.

For the two critical atmospheres (VM-7 and VM-8) additional carpet
plots are given in Figures 91 and 92 summarizing the results for the
integrated heating variation and the maximum loads. These atmos-
pheres were critical provided that the skip limit was avoided.

It was found that, as skip limit entry conditions were approached, the
gravitational effects coupled with the atmospheric effects resulted in
higher heating in atmospheres other than the VM-7. This becomes
apparent upon closer scrutiny of Figures 85 to 87). Figure 93 indicates
the lines of constant integrated heating and constant maximum loads
for the VM-7 and VM-8 atmospheres, respectively.
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2. Dynamic Analysis -- The parametric studies included an in-
vestigation of the shell dynamics and its interaction with the environ-
ments and pertinent trajectory parameters. The range of entry
conditions considered were consistant with the particle trajectory
analyses and included variations in the spin rate and pitch rate. These
bracketed the anticipated rates associated with the de-orbit rocket
misalignment errors. The entry angle of attack considered the de-
orbit thrust application geometry. The range of entry conditions
(other than indicated for the particle trajectory analyses) were:

Angle of attack 0 < ag < 120 degrees,
Spin rates 1 < P < 3 rad/sec,
Pitching rate 0 < Q=< 2 rad/sec.

The large pitch rates were associated with the large thrust levels
considered for de-orbit.

The following are typical of the results and trends evolved during
these analyses.

a. Effects of Spin Rate -- The spin rate was found to have
a negligible effect upon the altitude of chute deployment; however,
this performance characteristic was found to be relatively insensitive
to all parameter variations. The post-entry trajectories associated
with entry from orbit were found to be independent of the high altitude
history. The high ballistic coefficient vehicles (it is to be understood
that the higher performance can also be associated with angle of
attack as with spin and pitch rates) resulted in a flatter trajectory.
For a spherical planet this results in a higher altitude for a given
velocity.

The maximum loads, the maximum heating rates, and the integrated
- heating were found to increase with the spin rate. The results for
an angle of attack at entry of 120 degrees are presented in Figures
94 through 97. The results for other angles of attack are similar.
The trends are indicated (increasing with the angle of attack at
entry), in Figures 98 through 100.
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b. Pitch Rate -- The maximum heating rates, pressures
and total integrated heating at the stagnation point were found
to increase with the pitch rate; however the dependence upon
the angle of attack (with pitch rates) was small. (See Figures
101 to 103).

3,3.2 Spin and Spin-Despin Analyses

A conceptual design which considered either spin or spin-despin as the
backup modes for the attitude control system was initially selected as a
reference design. The separation geometry was examined to define the
appropriate entry conditions including the angle of attack, coning angle

and rate. The variation in these ''dynamic' parameters for the entry
velocities and angles were such that a "trajectory by trajectory'' analysis
was required to ensure that the critical environments were indeed specified.
On the basis of structural and thermal protection system analyses the
critical environments were peak stagnation pressure and maximum inte-
grated heating. With respect to the heating this could, and in most cases
did, mean a number of trajectories for complete specification of the
environments over the entire vehicle. Further performance analyses were
required to indicate the effects of the dynamics on communications. Since
the antenna radiated predominantly rearward along the axis, the inherent
coning motion could result in a loss in communication. Tradeoffs were
possible with respect to the spin rates. The coning angle and rates increase
inversely with the spin. From the parametric studies, the critical loads
and heating environments were found to increase with both the spin and the
rates indicating a possible optimum spin rate. Initial studies verified this
conclusion; however, other considerations (for instance - entry dispersion
associated with thrust misalignment) resulted in the selection of 40 rpm as
the design spin rate.

The combination of the spin rate and angles of attack associated with the
deorbit geometry resulted in severe heating and load environments. As a
consequence despin was considered in combination with spin to minimize
these effects. The reduction was substantial, however the environments
were still severe in terms of the thermal protection requirements.

"3.3.2.1 Entry Conditions

The de-orbit geometry and the nomenclature associated with the de-
finition of the entry conditions are shown in Figure 104. In addition to
the angle of attack, a, , the entry angle, ., and the coning angle, Aa,
the angle between the line of sight to the orbitor and the vehicle axis,
6 , (the view angle) and the angle between the line-of-sight and the
vehicle velocity vector, B, are shown. The coning angle is the result
of tipoff and thrust misalignment; associated with this coning angle
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(taken as 3-sigma error) and spin is a rate. The orientation of the
thrust vector and the de-orbit trajectory result in the angle of attack.
De-orbit analyses defined the entry angle and velocity as well as the
angle of attack (see Figure 105 as well as Figure 82) where, for an
entry angle of -15 degrees, the variations of angle of attack with velo-
city are shown for various orbits. The result of tipoff and misalignment
analyses is given in terms of the 3-sigma coning angle and the associ-
ated rates in Figure 83 as a function of the spin rate. The de-orbit
analyses are summarized in Figure 82 where an operational y. ~ Vg
map was shown with the angles of attack indicated.

3.3.2.2 Spin Tradeoff

The mass and aerodynamic characteristics used in the parametric
analysis were retained throughout the spin and spin-despin analyses.
To ascertain the existence of an optimum spin rate (optimum in terms
of aerodynamic performance) an investigation was made of spin rate
variation with the appropriate coning angle and rates. The high spin
rates while introducing large gyroscopic forces, have nominal coning
and rates. Improvement in the aerodynamic performance should be
expected until the large coning angle and rates become dominant.

From the point of view of maximum loads, the optimum spin rate is
approximately 2 rads/sec (see Figure 106). The angle of attack
convergence was superior as evidenced by the values at peak loads
also indicated in the figure. The performance associated with these
lower spin rates, however, still resulted in excessive heating, parti-
cularly at the maximumdiameter region. Because of this,the possibi-
lity of despin was considered.

Two parameters were considered in the despin analyses - first, the
extent of despin and second, the initiation time for despin.

It was found that the optimum time for despin was during early entry
upon the onset of aerodynamic loads. In this case, the coning and
angular rates can be made compatible with the aerodynamic loads
_inhibiting tumbling motion which would result in communication loss.
As evidenced by the results presented in Figure 107, the earlier the
despin is initiated the better the performance while a delayed despin
results in negligible improvement.

The analyses also indicate the advantage of complete elimination of
spin. In that case 50-percent reduction in the integrated heating over
the vehicle can be realized (Figure 108) while the performance (Figure
109) is significantly improved.
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The selected spin rate of 40 rpm is predicated on the desire to limit
the entry dispersion which permits an operational y, — Vgmap ""hugging'"'
the limiting entry-angle envelope for chute deployment requirements;

It also results in steeper entry angles which reduce the heating environ-
ment.

3.3.2.3 Heating and Loads

As indicated by the y, — Vgmap of entry conditions the angle of attack
variation is such that large angles are associated with low entry
velocities (Figures 82 and 105). It was not immediately obvious which
were the critical entry conditions for loads and heating. Therefore,
results from the de-orbit analyses were investigated in toto. Both
spin and spin-despin (zero residual spin) cases were considered.

The critical entry conditions are shown below:

ENTRY CONDITIONS

Design Criterion Velocity Angle Angle of Attack
ft/sec (degrees) (degrees)
Loads 12700 o -17.9 90
Heating 12900 -12.8 86

The coning angle and rate were 4 degrees and .42 rad/sec,
respectively.

Typical heating pulses for the critical heating environment for the
case of spin and spin-despin are shown in Figures 110 and 111

for the stagnation point (zero angle of attack) and the sonic point
(S/Ryy ~ 4.5). The high heating rates at the sonic point are
associated with the stagnation point location at angles of attack
greater than 30 degrees. The effect of spin on heating is obvious
both through its effect on the trajectory as well as the local
aggravation at the sonic point, The poorer convergence is evident
as the stagnation point movement occurs much later in time for
the spin case.

The peak dynamic pressure of 130 1b/ft® was obtained for entry
velocity = 12,700 ft/sec, entry angle = -17.9 degrees and an

entry angle of attack of 90 degrees. Typical flight parameter
histories are shown in Figures 112 and 112 for spin and spin-despin
entry.
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3.3.2.4 Aerodynamic Performance : ‘

The variation in performance over the operational entry conditions was
found to correlate best with the angle of attack at entry. Considered
were the altitude for chute deployment, loss in communication (view
angle exceeding 90 degrees), and also the load variation. These
results are summarized in Figures 114 through 117 for both spin and
spin-despin. The improvement in performance for the above is
apparent for the despin concept. Velocities have been indicated to
show the insensitivity to this entry condition, the important parameters
being entry angle and angle of attack, Typical angle of attack histories
are shown in Figures 118 and 119. The initial "spike'' in the envelope
values is associated with the despin initiation prior to any sensible
aerodynamic load. The required axial load should be 0.1 g; the
mechanics of the digital program are such that time of initiation is
necessary, implying an iteration to obtain the exact loading condition.
The results for these cases however is substantially that which would
result for proper despin initiation.

3,3.3 Reference Design

The results of the analysis of the spin and spin-despin concepts forced a
reevaluation of the conceptual design and elimination of the spin backup
system., The failure mode which was then adopted consisted of the
termination of attitude control when rates of 0.1 rad/sec about any axis

were attained, Further de-orbit dispersion analyses resulted (in combination .
with other systems considerations, discussed elsewhere) in a modified i
VE —7Ye entry map.

The definition of the new critical environments required an investigation

of the combination of the above rate and initial angle of attack. In this
case, however, the anticipated and previously evaluated Vg - ve combinations
were adequate,

Further analyses were performed for the conceptual design to determine
the aggravations in heating associated with protuberances and cavities,
These are manifested in the form of nozzles for the attitude control system
and’ thrust vector control system. Additional heating was associated with
the de-orbit thrust rocket which was mounted in the base. The heating
over the afterbody and the back side (secondary heat shield)of the shell was
also evaluated.

The effects of the plasma sheath on communications was also investigated
and found to result in blackout over almost the entire range of entry
conditions considered. These results were based on 'clean'' gas in the
absence of ablation products. In actuality, however the primary heat
shield ablation will aggravate the situation further.
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3.3.3.1 Reference Configuration

1. Afterbody Selection -- The afterbody performs two critical
functions; 1) it provides a turnaround capability for rearward entry
and 2) it protects the payload from the thermal environment associated
with this mode of entry. Thermal protection is of course also necessary
for the normal mode of entry near zero angle of attack however, the
thermal environment is less severe. The dearth of data with respect
to an optimum afterbody configuration restricts the designer to the
utilization of forebody technology. This resultsin a weight penalty
since, in order to provide only one stable trim point, shallow after-
body angles are required (see Figure 120), with the attendant excessively
large surface areas. In eliminating the rearward entry difficulty,
however, a serious problem is introduced during the transonic phase
of flight. Similarly shaped afterbodies exhibit dynamic instability,
which is associated with the hysteresis movement of the shock-boundary-
layer separation phenomena at these Mach Numbers (approximately
0.8 < M= < 2.0). To circumvent this problem a stable separation
point can be provided by utilizing a pronounced step from the maximum
diameter to the afterbody; the step must be sufficiently large to avoid
reattachment of the boundary layer to the afterbody. The problem now
is that of predicting the rearward stability. On the basis of Newtonian
theory, adequate turnaround capability is available for the afterbody
configuration shown in Figure 79. Additional requirements on the
afterbody result in additional configurations which satisfy the following:
improved separation and adapter {Figure 80) and minimum packaging
and weight (Figure 81). These configurations provide satisfactory
turnaround capability when utilizing Newtonian theory, particularly
when accounting for the 'dish'' effect on the moment. Available data
indicate a pronounced effect associated with the ""dish'" shape at angles
of attack other than 180 degrees. At 180 degrees, however, the data
indicate a region of stability. These data provided a means for
factoring out the forebody and sting contribution since data were
generated about several moment centers. The reduced data (see
paragraph 4.1) resulted in a neutrally stable condition for the dish
shaped afterbody which was easily circumvented by means of flaps.

To evaluate this type of afterbody (i.e., Figures 79, 80 and 81) a
performance analysis was conducted utilizing Newtonian theory,
accounting for the dish contribution and shadowing. The resulting
moment coefficients are shown in Figure 121. These coefficients have
considered the weight associated with the respective configurations
which is reflected in the center of gravity location. The effect of the
afterbody on the forward stability is due to the center of gravity
location. The minimum afterbody compares very faborably, on this
basis, with the other configurations considered during the study.
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The performance was evaluated with coefficients and the mass character-
istics given in Table XXVI, for a rearward entry with nominal spin.

The parenthetic weights are the increments in weight associated with

the afterbody. The resulting angle of attack envelopes are presented

in Figure 122 and indicate adequate convergence for the minimum

weight configuration. The configuration of Figure 79 exhibits only
slightly better performance.

The minimum weight configuration shows an additional advantage as it
experiences the lowest heating environment for rearward entry because
the afterbody is recessed within the 'dish'',

MASS CHARACTERISTICS (AFTERBODY COMPARISON)

TABLE XXVI

Entry From the Approach| Improved Minimum
Configuration Trajectory Configuration | Separation Weight
W (pounds) 2040, (0) 2040, (+93) 2040, (-66)
Xc.c. (inches) 35.2 35.9 34.0
2
I (slug-ft.”) 1055 1061 1051
I (slug -ft. ) 579 586 572
Yy
2. Mass and Aerodynamic Characteristics --On the basis of the
previously generated results and considering system requirements
inposed on weight distributions, the following mass characteristics
were used:
Mass Xc.G. Ik Iyy Izz
D
63.3 slugs 0.19 1050 slug-ft2 570 570

The improved center of gravity location is the result of utilizing the
minimum weight afterbody which also permitted the rocket engine to
be located farther forward.
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The aerodynamic coefficients utilized are given in Figures 123 through ‘
125.

3.3.3.2 Entry Conditions

The range of entry conditions considered for the reference design

is given in Figure 84 in terms of entry velocity and angle. The
limiting rate of 0.1 rad/sec was considered about any axis, possible
random angle of attack was also considered. These conditions are
given in an inertial space system. To account for rotating planet
effects, the conditions must be transformed into a relative coordinate
system. The combination of entry angle, angle of attack, and spin or
roll (or both) is not known a priori, requiring a preliminary investi-
gation to establish the critical conditions., Definition of the rotating
planet effects requires a knowledge of the impact and entry points
(range information). Investigations were thus made of the effects of
planet rotation as well as of the various combinations of entry angle of
attack and rates.

1. Roll.and Varying Angle of Attack -- The maximum rate of 0.1
rad/sec was assumed about the roll axis with the angle of attack varying
at entry. The result was an increase in the loads as the angle of
attack was increased. A maximum was reached for the rearward
entry (see Figure 126). The critical entry for heating was dependent
upon body station; (a) maximum heating at the stagnation point (zero- ~
angle of attack location) occurred for ninety degree angle of attack
entry; (b) maximum sonic point heating occurred at 90-degree angle
of attack and (c) maximum afterbody heating occurred for rearward
entry.

2. Tumble -- There is a particular angle of attack for a specified
pitch rate which will result in the vehicle attaining a rearward attitude
at cessation of tumble. Tedious iterations are required for the deter-
mination of this angle of attack. For the rate considered the maximum
load was obtained for an angle of attack of -8.2 degrees. The result-
ing envelope of angle of attack is shown in Figure 127.

3. Rotating Planet -- The effect of rotating planet upon the loads
and heating were found to be in opposite directions; rotation resulted
in higher loads whereas higher heating was obtained with non-rotation
(see Figure 128).
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The variation of the loads were as follows

Rotation P Q a, Maximum Dynamic Pressure
(rad/sec) | (rad/sec)| (degrees) (1b/£t2)
None 0.1 0 180 98.5
None 0.1 0 90 94.2
None 0 0.1 - 8.2 106.0
With 0.1 0 180 114.6

The selected entry conditions for the design are given below:

Criteria Rotation Angle of Attack Spin
Loads With 180 degrees 0.1 Rad/sec
Heating None Function of Body Station| 0.1 Rad/sec

The design environments were established for these conditions with
performance analyses conducted to determine the off-design
environments. Syrtis Major was selected as the impact area.
Orbital inclinations were varied between 40 and 60 degrees with the
equator, while entry with rotation was considered. On the basis of
the preliminary analysis the orbital inclination for the loads was
taken as 40 degrees, with 60 degrees resulting in maximum heating
for a rotating planet case.

3.3.3.3 Heating

The heating distributions obtained as a function of angle of attack

(see paragraph 4.3.1) were used in the analysis with the angle of

attack variation obtained from the dynamics and analysis. The max-
imum convective heating was obtained at the maximum entry velocity
and shallowest eritry angle, 15, 200 ft/sec and -14 degrees, respectively.
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Typical heat pulse variations at various body stations are given in
Figures 129 to 131, for entry at an angle of attack of 90 degrees. In
addition, values for other angles of attack are given below.

The design heating has considered the conservatisms associated with
imposing the worst combination of entry conditions with each body
station, including non-rotating planet. The margins associated with
the rotating planet were determined in addition to obtaining the heating
for the structural design point. In the latter case (entry into the VM-8)
a portion of the heat pulse was associated with turbulent flow. This
occurred post maximum heat rate and was not of any significance.

(see Figure 132). The heating and margins are compared in the
following table:

INTEGRATED HEATING SUMMARY

Body Station (S/Ry) 0 1.5 2.5 4.5 Shell After
Backface Body

Angle Of Attack Integrating Heating (Btu/ft2)
(Degrees At Entry)
0 1900 1216 933 627 38 95
90 2227 1426 1197 1705 90 115
180 2060 1300 1083 1493 117 95

The variation of the heating with entry conditions (velocity and angle)
was examined to indicate possible limits in heat shield performance
(external to the operational YE~ VE map. As expected, two limits
(possibly more) were found - one associated with the stagnation point
and the other, with the sonic point (see Figure 133). The effects of

the dynamics resulted in a more restricted envelope for the sonic point.
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The variation of the heating over the vehicle for the design case is .
illustrated in Figure 134 which includes the critical heating for the
various possible entry conditions.

1. Protuberances and Cavities-- Additional heating information
was obtained to account for local effects such as the aggravations
associated with protuberances and cavities. The methods and data used
to obtain the aggravated heating rates around the TVC hardware yield
rates ratio to rates encountered if there were no protuberances and
cavities (see Paragraph 4.3.1.5). These '""aggravation factors'' were
obtained for the design vehicle on the assumptions that (a) the cold-gas
TVC nozzle was embedded in the heat shield, and (b) the hot-gas TVC
hardware was completely exposed. Factors based on local undisturbed
values are presented for this configuration in Table X XVIL

TABLE XXVII

TVC LOCAL HEATING AGGRAVATION FACTORS
DESIGN CONFIGURATION

( ‘i/qlocal )

Radial Station Angle Of Attack
(R/RB) 0 30 45 60 90
degrees|degrees | degrees| degrees|degrees
0.90 1.0 1.0 1.0 1.0 1.0
0.95 1.0 1.0 1.2 1.5 1.5
0.97 (Cold-gas rocket) 3.0 2.0 3.0 3.0 3.0
0. 98 (Shoulder tangent point)| 1.0 1.0 1.6 1.3 1.0
1.0 (Maximum diameter) 2.8 1.6 1.6 1.6 1.6

Heating rates on the TVC hot-gas nozzles are shown in Figure 135 as

a function of vehicle angle of attack. These factors are essentially un-
changed from the predesign values since the hot-gas nozzles protrude
from the additional OTWR heat shield.
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It should be noted that the greatest aggravations occur around the lip
of the cold-gas nozzle. The high heating rates experienced here are
the result of coupling the aggravation factor due to lip heating with the
factor due to heating in the wake of the hot-gas nozzle.

Figure 136 again shows the local heating aggravation factor, with a
change in the reference value. The reference value here is the familiar
which is nose stagnation point heating rate at zero-angle of attack,
The abscissa in this figure is S/Ry - surface length/nose radius ratio,
to facilitate the thermodynamic comparisons. This graph reflects the

effects of angle of attack on local heating as coupled with the local
aggravations. It also shows the extent of the region of influence of the

aggravations,

The factors that have been affixed to evolve the heating aggravations

are evaluated in the absence of blowing. Since ablation may exist

these factors are conservative. (Blowing results in reduced aggravation).
However, very little weight penalty is associated with the current
configuration,

2. De-orbit Rocket Heating -- The entry heating over the back face
of the forebody (secondary heat shield)shell and afterbody is augmented
by the heating due to the expulsion of hot gases (rocket plume) by the
de-orbit rocket. To improve the flow characteristics of the plume and
to minimize the heating, an extension of the nozzle for the ''shelf"
motor was included. The heating for this extension and the subsequent
afterbody heating were determined.

a. Nozzle Extension Heating Rates -- The design of the

rocket motor and nozzle changed several times but the final design
included a rocket engine with the characteristics listed in Table XXVIII.

TABLE XXVIiI

BASIC ROCKET MOTOR CHARACTERISTICS

Chamber Pressure, P, (psia) 450
Combustion Temperature T, (°K) 3140
Mass Flow Rates w (lb/sec) 12.0
Throat Area, A%, (in2) 4. 00
Initial Expansion Ratio, ¢ 18.7
Expansion Angle, 0y , (degrees) 18
Specific Impulse, Iy, , (seconds) 254
Exit Mach Number, M_ 3.88
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These characteristics were used in the computation of the nozzle
extension heating rates. A 10-inch nozzle extension was added to

this basic motor changing the overall expansion ratio to ¢ = 51.8,

and the exit Mach number to 4,685, Expanding from this Mach number
to M - «, the nozzle plume maximum flow angle was calculated to be

6 =107.1°. Thus the exhaust flows (in part) back toward the lander
afterbody. Based on these assumptions, heating rates to the inner and
outer walls of the exhaust nozzle extension are presented in Figure
137. Heating on the outer wall is due to the nozzle boundary-layer
""blowback' as detailed in Paragraph 4.3.17. Also presented in
Figure 137 are the local recovery enthalpy ratios and the total enthalpy
levels (hg). The total enthalpy in the external flow is lower than that
associated with the internal flow due to the energy dissipated by
friction along the internal walls.

The local heat-transfer rate falls rapidly from 90. 5 BTU/ft2-sec at
the extension lip. The external heat inputs decrease in the opposite
direction from 26 BTU/ftZ—sec toalowofl.5 BTU/ftZ-sec. Although
these rates are relatively low, the total integrated heating will be
approximately 3000 BTU/ft? at the minimum diameter, since the motor
burn-time is about 33.3 seconds.

b. Rocket Plume Heating -- With the same rocket motor
assumptions as detailed in the immediately preceding section, heating

rates on the aft lander surfaces (reference design) are specified in
Table XXIX.

TABLE XXiX

ROCKET PLUME HEATING - AFT LANDER SURFACES

Surface Heating Rate (BTU/{t2-Sec)

Rocket Body 1.
Afterbody Inner Shoulder 8.
Afterbody Outer Face
Antenna Dome 5.
Antenna Cylinder

Aft Face of Cone Shell
Aft Ring

TVC Rocket Hardware
Aerodynamic Flap

W oo oOoOwOo o
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Heating effects contributing to these values are the direct impingement
of the plume and boundary layer blowback. Radiation heating was
shown to be negligible in the section on analytical methods (paragraph
4.3.1.7). The highest heating rates occur on the afterbody inner
shoulder and on the antenna dome.

On the first of these, stagnation of the blowback flow produces the high
rate. On the antenna dome, a combination of the blowback flow, which
is still near the stagnation condition, and plume impingement, which is
very slight, produce the heating. Impingement alone is the cause of
heating on the TVC rocket hardware (note that only the aft-facing
hardware is affected) and on the aerodynamic flap. The zero values
recorded in the table actually represent numbers which are considered
negligible with respect to those used to design the heat shield required
for rearward entry. It should be noted that the heating inputs due to
de-orbit rocket firing are in addition to the aerodynamic heating at
entry.

c. TVC Hot-Gas Rocket Heating Effects -- Heating from the
hot-gas TVC rocket firing to the heat shield was investigated. Max-
imum possible integrated heating was found to be less than 17 BTU/#t2,
which is negligible compared to aerodynamic heating.

3.3.3.4 Loads

The critical loads are associated with the steepest entry at the
maximum velocity. The rotation of the planet in effect steepens the
entry angle but reduces the velocity (inertial to relative reference
frame). The loads are more sensitive to the modified entry angle.
As a conservative approach the design loads were specified for entry
with rotation along the equator. The maximum loads are experienced
in the VM-8 atmosphere.

Evaluation of entry for a Syrtis Major impact appeared to take under
consideration loads most likely to be experienced. The possible range
in azimuth being from 40 to 60 degrees (i.e. from southwest to

northwest), the maximum loads would result for the maximum rotational

entry(an azimuth of 40 degrees). Additional comparisons were made
for entry with the critical heating conditions, which were at an azimuth
of 60 degrees into the VM-7 atmosphere.

These results are tabulated in Table XXII together with a nominal
case which represents the loads to be experienced for proper systems
functioning (no failure mode) zero-angle of attack with no de-orbit
dispersion.
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The variation in these loads is nominal for entry into VM-8; however,
a large variation is evident between the VM-7 and VM-8 atmospheres
as expected.

3.3.3.5 Dynamics

The aerodynamic characteristics of the blunt cone utilized in the study
resulted in adequate dynamic behavior for the reference design. No
roll resonance was indicated in any of the results obtained with center
of gravity offset. The maximum theoretical induced spin due to center
of gravity offset for the VM-8 atmosphere is approximately seven rev-
olutions per minute; however, no variation in spin was noted for the
cases investigated.

Typical trajectory parameters are shown in Figures 138 through 141
for the extreme flight environs (low entry velocity and shallow angle
into the VM-3 and high velocity, steep descent into the VM-8 respec-
tively). Convergence was adequate for all cases including tumbling
and various combinations of angular rates and angles of attack. No
adverse damping is anticipated with the reference design, which would
result in divergence in the angle of attack envelopes at transonic

speeds. The effects of gusts, however, result in significant digressions.

This is of interest for a chute failure, where the nosecap would be
ejected and the terminal descent of the probe utilized for television
picture taking.

Various wind profile gust combinations were investigated. The wind
profile had a surface wind of 220 ft/sec with gusts of 335 ft/sec. The
wind profile displayed a decay of 2 ft/sec per foot of altitude. The
vehicle was subjected to gusts of approximately 10 seconds duration
at various altitudes. In addition pulse duration was varied. The angle
of attack variation was greater with the lower altitude of application
since the wind component becomes more significant as the vehicle
velocity decreases. Figure 142 illustrates two typical angle of attack
and frequency variations. The initial spike in frequency is that due to
the normal dynamic pressure rise associated with entry. Gust
application near peak dynamic pressure results in negligible effect as
shown for case 8 in this figure. A low-altitude gust resulted in an
angle of attack of 40 degrees (case 7). The same gust applied in com-
bination with high-altitude gusts results in significantly higher angles
of attack (almost 80 degrees). No attempt was made to determine the
application time for maximum divergence nor to apply the gusts at

the natural frequency of the vehicle.

The angular motion of the vehicle axis is of prime consideration with
respect to the use of television. Figures 143 and 144 present the
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variation in the angle formed by the axis with the plane of the
trajectory. The two cases are for a sustained gust (Figure 144) and
a gust terminated at peak amplitude. There is a higher frequency
associated with a sustained gust and only one-half the peak-to-peak
amplitude (as is to be expected). The angular rate was as high as
60 deg/sec for the uninterrupted gust.

3.3.3.6 Blackout

The limits of blackout were investigated over the entire V-y entry
map for the critical VM-7 atmosphere. Particle trajectories, using
the reference ballistic coefficient of 0.22 slug/ft2 and diameter of

15 feet, defined the velocity-altitude histories required. Figure 145
presents a typical history with the blackout limit superposed. For
each entry angle, the altitudes of entry into, and exit from blackout
are shown. The minimum entry velocity to avoid blackout is approxi-
mately defined by these curves.

By properly cross-plotting the data, the lim‘ting VE - ye 's may be
defined. These are shown in Figure 146. To be noted is the fact that
blackout virtually cannot be avoided within the operational entry map.
Furthermore, contamination from ablation products has not been
accounted for in this study. The ablation contaminants may be ex-
pected to produce at least an order of magnitude increase in electron
density levels in the wake.

3.4 PROBLEM AREAS

The discussion of critical problem areas associated with the entry from the
approach trajectory, in paragraph 2.3.5 of this book, apply to the entry from
orbit as well.

The analysis for the entry from orbit studies indicated a significant increase

in the heating when accounting for low-density effects. The two low-density
effects considered were vorticity interaction and the variation of flow-properties
along the boundary layer which approach conical values. Both of these phenom-
ena are sensitive to the shock shape and/or detachment distance which in turn

is dependent upon the density ratio, p,/p, . For normal test conditions this
ratio seldom surpasses a value of 6 and, as such, the above effects are within
the noise level of the test instrumentation.

Although theories are available (see paragraph 4.3.1.3 and 4.3. 1. 4) with which
to determine these effects, further verification and corroboration is desirable.
Conservatism has been introduced in the analysis to account for uncertainties.
This is especially true for the boundary-layer growth which was obtained from
similarity theory. Uncertainty exists with respect to the Neffective'' flow
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conditions external to the boundary layer. In the calculations the external
conditions were obtained by means of a ''mass balance. "

In order to evaluate the theories adequately, density ratios higher than those
normally available in test facilities are necessary; in addition, the energy
variation behind the bow shock must be consistent with those associated with
flight. Although various gases (such as Freon) can result in large density
ratios, the energy level and variation present problems, since gas kinetics
and chemistry are introduced if the energy levels are too high.
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4.0 AERODYNAMICS - THEORETICAL ANALYSIS AND METHODS

The vehicle environments are evolved through a sequential process starting
with the establishment of the vehicle characteristics in terms of aerodynamic
coefficients which are necessary to determine the vehicle flight histories.
These trajectories are necessary to define the flight environments (velocity,
free-stream density, angle of attack, etc.) during the critical phases of entry
(loads, pressures, heating, etc.). A parametric analysis provides bounds or
ranges of interest relative to parameters such as the angle of attack. The flow
field analyses may then proceed in order to establish the pressure distributions,
shock shapes, thermodynamic properties, species concentrations, radiative
intensities and convective and radiative heating distributions. The methods
used for the Blunt Cone and Apollo were similar; the tension shell will be de-
scribed separately. In addition, the same methods and results were found to
be applicable to both entry from orbit and approach trajectory.

4.1 AERODYNAMIC COEFFICIENTS

The aerodynamic coefficients provide the means for evaluating the performance
and environmental flight conditions. The aerodynamic data were obtained from
numerous sources, while the tension shell data were provided by NASA/LRC.
The blunt cone data were obtained from References 6-8. Since the angle of at-
tack range for the data was limited, the variation was obtained by modifying the
Newtonian predictions by the data, The modified Apollo required extensive in-
vestigation since no data exist for the precise nose geometry. However, a num-
ber of spherical arc-segment configurations were available to interpolate for
the required geometry (Ry/Rg= 2.4). Where the data were deficient with re-
spect to angle of attack effects, the modified Newtonian approach was taken.

4,1.1 Real-Gas Effects

The real-gas effects have been investigated with the conclusion that the ef-
fect on the drag may be accounted for if the drag coefficient is based upon
the stagnation pressure, rather than the dynamic pressure. The variation
of the approximate stagnation to dynamic pressure ratio (2 - p,/p ) was in-
vestigated for the atmosphere considered. A range of trajectories (M/CpA,
y. and atmospheres) was used to determine the variation of this parameter
with Mach number. It was found that for the Models 1, 2, and 3 atmos-
pheres, the ideal air data for the drag coefficients could be modified by the
parameter K, where

(2 - pw/ps) Gas
(2 - p,/ pg) Air Data
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Figure 147 shows the variation of this parameter with Mach number, two
straight-line segments being sufficiently accurate to describe the complete
Mach number range.

With respect to the VM-4, 7, and 8 atmospheres, it was found that the
same procedure was adequate for modifying the drag coefficient, although
the VM-7 atmosphere does not correlate as well. Using the same varia-
tion for the entry from orbit as obtained for the entry from the approach
trajectory results in a conservative variation (approximately 1 percent,
see Figure 148).

This correction was applied to the axial force coefficient only, Whereas
the axial force is representative of the absolute pressures acting, the coef-
ficients such as normal force and pitching moment depend critically on the
distribution. Real-gas solutions were used on the tension shell shape and
indicated an improvement in the stability, with a possible correlation with
the density ratio; however, insufficient calculations are available at pres-
ent to verify this. The blunt cone and modified Apollo blunt-body solutions
(single-strip integral method) have not resulted in any indicated trend for
the normal force and pitching moment coefficients.

To evaluate or substantiate the above approximation, (P /q, =2 - p_/p,)

an inviscid blunt-body flow-field program was utilized. This program
(single-strip integral method) was used to obtain both an ideal-gas solution
and a real-gas solution for air. The flight conditions were selected to cor-
respond to conditions representative of those during the critical phases of
Mars entry. The flight conditions were a velocity of 18, 900 ft/sec at an
altitude of 200, 000 feet (equilibrium conditions were used) corresponding
to a density ratio, p /p, of 14.5. The evolved pressure distributions were
used to determine the drag coefficients. The ideal-gas computations were
done for the test conditions for which data were available (y = 1.4, M= 9,0,
and M= 3,98, for the blunt cone and the modified Apollo shapes, respectively).

It is to be expected that the pressure distributions would conform closely to
the Newtonian prediction (the shock is coincident with the body for y = 1. 0)
since the real-gas shock standoff distance is reduced approximately by the
ratio of the density ratios and the specific heat ratio at the stagnation point
is approximately 1.15. The evolved pressures are illustrated in Figures
149 and 150, indicating that this hypothesis is correct. The deviation from
the Newtonian is associated with the singularity at the maximum radius (the
sonic point) in addition to the shock being detached.

The evolved drag coefficients, compared with those of the tension shell,
are given in Table XXX,
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TABLE XXX

HYPERSONIC DRAG COEFFICIENTS

Modified Blunt Tension
Shape Blunt Cone Apollo Shell
Newtonian 1. 50 1, 82 1. 20
Test 1.53 (M= 9.0) 1. 58 (M= 3.98) 1.6 (M= 20)

Ideal-gas calculation 1.42 (M= 9. 0) 1. 52 (M

3.98 —_—
Real-gas calculation 1.51 (M= 18.9) | 1.62 (M=18.9) [ 1.71 (M= 21.6)

Stagnation pressure 1.62 (M= 9.0) 1.70 (M 9.0 1.7 (M 8.0
correction on ideal-

gas test data

test test

The ideal-gas calculation yields lower drag coefficients where the data
exist; however, the trends appear to agree with the correction made with

the stagnation pressure. ~

4.1,2 Afterbody Performance

An afterbody is required to protect the payload during the heat pulse, and
to provide a center of pressure location which is aft of the c.g. at all angles
of attack at hypersonic Mach Numbers.

A parametric study was undertaken to determine the optimum geometry of
a blunted-cone afterbody. The parameters varied were bluntness ratio,
cone angle, and ratio of afterbody base diameter to vehicle diameter, as
illustrated in Figure 151,

The basis of comparison is the center of pressure location. Figure 152
shows the results of the study of an afterbody which starts at the maximum
vehicle diameter. Maximum stability (most aft c. p. location) is obtained
with the smaller cone angles and smallest bluntness ratio, cone angle hav-
ing the greater effect.

The same trend is seen with the modified afterbody in Figure 153. The
final choice of an afterbody design will depend on the c. g. location of the
entry vehicle and the minimum area which will both enclose the payload and
provide the minimum acceptable stability at large angles of attack.
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It has been suggested that the afterbody could be eliminated, thereby sim- .
plifying the design, reducing weights, and improving the c. g. location.
This would result in a concave base, for which there is some question as
to the actual characteristics in the vicinity of 180-degree angle of attack.
Newtonian predictions indicate no problem, but experimental data have
shown a stable trim point at 180 degrees for some vehicles with this type
of base. Figure 154 presents the results of tests on three different models
corrected to the c.g. location of the 60-degree cone. It is seen that the
two low Reynolds number tests (R, = 105) indicate instability. It may be
inferred from these data that, at the low Reynolds numbers which are as-
sociated with the possible rearward altitude during entry, the vehicle will
tend to right itself automatically. However such limited data cannot be re-
garded as conclusive. The use of flaps is recommended to eliminate the
possibility of a stable trim point for rearward entry. The flaps should be
located at the maximum diameter region to provide the maximum moment.

For one of the models (Reference 9), additional data are available which
permit a more definite indication of the pitching moment contribution of the
concave afterbody. Reference 10 provides aerodynamic coefficients for
several forebodies with both the concave base and a flat base, including a
variation in c. g. location. It was therefore possible to separate the effects
of base and forebody by comparing coefficients for identical forebodies with
both bases, taking advantage of the fact that the flat base can contribute no
normal fcrce.

Figure 155 shows the variation of the pitching moment contribution due to

a concave base versus angle of attack at three Mach numbers. The trend
with Mach number indicates a reduction in the magnitude of the destabilizing
moment with increase in Mach number. The following equations apply:

X
‘g
Co = Cmy *+ Cmp * CNy -
C C c -—-—AXCPf c Yeg
= + +
m my, N¢ d Ny d

Cy = C + C
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At a = 160 degrees:

AC = C = C - C = 0

N N, Ny N,

AChy = Cny = Cp = 0.006

A C C - AC

Xep, mg m my, 0.038 — 0.006
:-,‘_ d = C = C = 013 = 0.246

N¢ N3 ’

X cp = 02464 + 0333 = 0579

(Subscripts): f - forebody

b - base

1 - configuration with flat base

3

configuration with concave base

Varying Xcg indicated that the Xc.p. does not change, thus the couple

(C,’nb = 0. 006) determined from the difference between flat and concave

bases is the only couple present in the data. Within the accuracy of the
above data, there is no moment due to the flat base.

4.1.3 Tension Shell Coefficients

Langley wind tunnel coefficient data were used for all trajectory perform-
ance predictions. However, the effects of compressibility were investigated
through integration of the tension shell pressure distribution and by scaling
for angle of attack effects. Pressure distributions were integrated for drag,
lift, and pitching-moment coefficients. The equations for pressure inte-
gration are standard and need not be repeated here.

The scaling laws developed for this investigation are based on the wind-
tunnel data. Starting with the zero angle of attack pressure distributions,
the real-gas maximum pressure point (corresponding to the strong shock
intersection point) was varied in position and magnitude in ratio with the
ideal-gas values along each meridian, Unfortunately, this scaling was com-
pleted only for atmosphere 1 which is now obsolete.
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4,2 FLOW-FIELD AND PRESSURE DISTRIBUTIONS

Although the velocities were considerably lower for the entry out of orbit com-
pared to the entry from the approach trajectory, it is significant that the density
ratio (pg /p,, ), variation during the critical phases of flight were comparable.

This greatly simplified the flow-field analysis. Rather than modify the analyses
as obtained from the entry from the approach trajectory which would have yielded
insignificant variations in the results, attention was focused on analyzing the flow
field in greater depth. The significant areas of investigations were the low-
density effects on the convective heating which included vorticity interaction and
varying entropy. The latter results in increased heating downstream from the
stagnation point due to the state of the gas external to the boundary layer as the
boundary-layer mass flow increases. This gas state is that as sociated with the
flow emanating from a region of lower entropy rise across the bow shock.

Additional analyses were necessary to account for the rocket plume effects
especially with respect to the afterbody convective heating environment. This
was particularly necessary for the entry out of orbit since the duration of the
pulse was significantly longer.

In the following section, the methods and technology utilized to evolve the flow-
field environs necessary for a conceptual design are described. The results
are described in the relevant sections for both entry out of orbit and from the
approach trajectory.

4,2.1 Pressure Distributions

4.2.1.1 Blunt Cone and Modified Apollo

The pressure distributions for the blunt cone were obtained by means

of a single-strip integral method (Figure 149). In addition, test data

were utilized where applicable to define the angle of attack variations

(considering an equivalent body whose conical elements form an angle
of 6c + a with the velocity vector).

The pressures for the modified Apollo were obtained from data on a
similar shape (sharp shoulder and similar nose radius) in addition to
the blunt-body solutions (Figure 156). The correlation of the data, ob-
tained for air was on the basis of density ratio, correcting the pres-
sures for real-gas effects by means of the parameter

(2 - py,/pg) .

— g8

(2 - poo/ps)a

ir
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The flow over the blunt surfaces is relatively insensitive to the free-
stream Mach number. This is especially true of the modified Apollo
and blunt cone where the maximum Mach number is slightly supersonic,
occurring at the maximum diameter. As a consequence, the base
pressure is expected to be dependent only on the stagnation pressure
and the Reynolds number. Directly applicable data are unavailable;
however, the data on related very blunt configurations indicate that

the base pressure can be higher than the free-stream pressure. The
base pressure for a cylinder normal to the free stream (sting effects
are replaced by end wall interactions; however, for high fineness ratios
these effects are minimized) resulted in base pressures, measurcd at
midspan, which were constant percentages of the stagnation pressure for
a large range in Mach number (Reference 11). The variation of the
pressure ratio, Py ../Pg, . was correlated with the Reynolds number
PV, D/ g (Figure 157). 6I‘he base pressure data obtained with a trun-
cated sphere (Reference 12) agree well with the above data giving a
base pressure of 0.03 Ps, which was used in the parametric studics

to evaluate the base heating.

4.2.1.2 Tension Shell

The analyses associated with the tension shell warrant separate con-
sideration as well as more detail. A detailed description of the analy-
tical methods used in tension shell evaluation is given below.

The general shape of the tension shell entry vehicle has evolved from
structural considerations assuming Newtonian pressure distributions.
The shape thus obtained, however, does not produce the presumed
loading or the implied simple flow field. The actual flow field is ex-
tremely complex; a shock pattern typical of those encountered is shown
in Figure 158,

The definition of the vehicle environs is dependent upon knowledge of the
flow field about the body. With the flow field defined. convective and
radiation heating, loads and shears become definable; thus the required
structure, heat shield and mass distribution may be determined.

The tension shell shapes for which these analytical methods were de-
rived are somewhat unique in terms of the flow field produced. Charac-
teristic of the general flow field is the double shock and interaction sys-
tem produced by the continuous body. Because of this unique feature,
standard analyses do not apply. Simplifying assumptions were made
which, if is felt, do not degrade or compromise the results obtained.

Flow-Field Analysis -- One sharp, and onc blunt tension shell
were considered in the entry from the approach trajectory phase of
this study. The two body shapes were generated by identical error
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function equations except for the difference in nose radii. Since the
sharp tension shell represents the more difficult design problem, this
shape has been selected as the basis for calculation of the flow field.
The blunt body flow field can be derived rather simply from that of
the sharp shape, as will be shown later.

In devising a mathematical model for the flow over the sharp tension
shell, the effects of separation and the boundary layer have been neg-
lected. The assumption that separation does not occur over the critical
portion of any Mars entry trajectory appears reasonable from a com-
parison of free-stream Reynolds number (based on body radius) with
those obtained in LRC wind tunnel tests (Reference 13). In addition,
calculated values of absolute pressure gradient for pertinent flight
cases were lower than those obtained at the Mach 8 test condition.

The pressure gradient is, however, adverse to boundary-layer growth
(except over certain discreet segments), thus supporting the assump-
tion of negligible boundary layer effects. The only places where the
boundary layer may play a significant role are where shock waves and
expansion fans impinge on the body. In this case, some attenuation of
these waves may occur through the boundary layer, but the boundary
layer thickness should still remain small with respect to the flow be-
tween the shock and the body.

In general, the shock system associated with the sharp tension shell

is initiated by an attached, conical compression wave. As the flow
proceeds aft, the surface steepens, producing a steeper shock wave
and causing the flow along the surface to compress in a manner which
is essentially isentropic. This compression process is far more ef-
ficient than the compression through a normal shock. Thus pressures
greater than Psare obtained with relatively high local velocities.

This process continues along the surface to the point where the turning
angle behind the shock wave required to compress the flow becomes
too great to support an attached shock system. At this point, a strong,
detached shock wave forms. The intersection of the strong shock and
the conical shock produces a slip discontinuity which acts as a "free'
boundary between a subsonic outer region and a reflected wave system,
the latter impinging alternately on the body and slip line.

To obtain a real-gas solution for the entire flow field, use was made of
Avco computer programs which calculate the real-gas conditions be-
hind a two-dimensional oblique shock of arbitrary angle for any Martian
atmospheric composition. Using the two-dimensional solution, an equi-
valent conical flow solution is then obtained assuming constant density
behind the wave. This method has been shown (Reference 14) to be ac-
curate to within 1 percent for density ratios on the order of those en-
countered in Martian entry (Figure 159).
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By eliminating the spatial derivatives of density in the fluid flow equa-
tions, a single differential equation is obtained which can be solved in
terms of Legendre functions. The resulting expression (following
Feldman (Reference 14) is implicit ino_:

coso, o, 0 1 1
~In (tan—) =-—in(tan —)— +
sinzoc 2 2 cos? 2 U
cos @ |sin“ 0 - T sin @ sin (0 - d)

where 0 is the common wave angle; § is the two-dimensional deflec-
tion angle; (U,/V_), the two-dimensional velocity ratio across the
shock; and o, is the semivertex angle of the equivalent cone required
to produce the same shock angle. This expression holds only for at-
tached shocks (irrotational flow). The flow behind the shock is in-
compressible and adiabatic, therefore the Bernoulli equation holds
and:

1
2 _ ul 2
c TPy * PUW

1
p. + — pU
cTZ P 2

or, in terms of stagnation pressure ratios:

sz () [ ()]

where the conical velocity ratio is evaluated from

Uc Uy tano coso. ,
— =coso_+ cos 0sin28 — | — }cos O sinOsin (6 —8) (cosa) In - +1 .
' ¢ Vg tan6 cos @

In the above development, all two-dimensional parameters are ob-
tained for the desired Martian atmosphere assuming thermochemical
equilibrium. With the pressure, density and velocity as obtained
above, the entire thermodynamic state of the gas at the cone is speci-
fied. Typical plots of 6, ¢., P, /P and u./V, versus p/p, are pre-
sented in Figures 160 through 163, respectively.

To obtain flow properties on the surface of the equivalent blunt-nosed
tension shell, sufficient accuracy is obtained by the use of a Newtonian
pressure distribution and normal shock entropy.

The flow along the steepening surface behind the conical flow region is

assumed to compress isentropically to the point where the first reflec-
tion from the main shock intersection impinges on the shell surface.
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This point is not, however, known a priori. Therefore, the shock .
geometry is constructed from the initial conical shock to the point of

(conical) shock detachment, assuming that the local cone angle defines

the shock angle at the point normal to the conical surface., This con-

cavely curving bow shock is approximated by short, straight-line seg-

ments as

[/6,+0 o, t o\ |
2 1 2 1

-y o+ (& - / _
My = M+ (&= &) (tan L\ > > < > >J

where 7 is the coordinate of the shock relative and normal to the sur-
face, and ¢ is the coordinate along the shock.

The conical shock detachment point represents the limiting aft position
possible for the intersection between the bow wave and the strong de-
tached shock wave. However, since additional compression is required
behind the bow shock to bring the flow parallel to the ever-steepening
surface, the shock intersection will invariably lie forward of this point.

To define the intersection point requires a double iteration (actually
trial and error) solution, which proceeds in the following manner, af-
ter assuming -- somewhat arbitrarily -~ a point of intcrsection. The
intersection of two shock waves requires, in general, that some man-
ner of reflected wave pattern be produced, and that the pressures and
flow angle behind the intersection be equal, which in turn implies a

slip discontinuity (due to differing velocities and entropics) emanating
from the intersection point, In addition, the fact that one shock is
strong requires the flow to be subsonic behind it. The subsonic con-
dition eliminates the standard four-shock pattern from consideration,
However, three possibilities remain. These possible reflection pat-
terns are (1) a compression shock plus a negligible expansion wave,

(2) a strong, or normal compression shock followed by fully subsonic
flow, and (3) a simple expansion fan, Which assumpticn satisfies the
equal pressure and parallel flow requirements depends upon free-siream
conditions and where the intersection point lies. (The strong compres-
sion shock has not been encountered in practice, but must still be con-
sidered possible,) With the above conditions satisfied, the wave angle
of the strong shock is uniquely specified.

This angle and the coordinates of the intersection point are sufficient
to define the shape of the strong shock wave. The shock shape has
been obtained as an empirical curve fit of glow picture test data which
holds to a point on the shock slightly beyond the maxirnum radius of

the tension shell, The full primary shock system is now tentalively
defined. Also determined is the shock standoff distance which, for this
shape, is taken as the axial length between the virtual sonic point™ on

-
This is the point at which sonic flow would exist if the prior flow field were subsonic. The tlow is actually super
sonic over the entire surface in most cases.

-264-




the outer shoulder of the vehicle, and the strong shock. (The symbol
used for the standoff distance as defined in this geometric manner is
AG.)

A second means of determining the shock standoff distance can be ob-
tained by invoking the continuity law. The standoff distance taken a-
round the vehicle at the radius of the “sonic'" point, R* , represents a
cylindrical control surface across which the average radial mass flow
must equal the free-stream mass flow entering the bow shock system
in a stream tube of equal radius. Thus:

(27R*A_)pVsind = aR*2p_V
where p Vsin 8is the average radial mass flux, 5 is the local flow angle
relative to the tension shell axis, and subscript m denotes that A is de-
termined from mass flow considerations. The quantity ,V sind must
account for the mass flow through the entire frontal shock system as
constructed on the assumption of the shock intersection point. Both
A, and A; are, therefore, affected by the intersection assumption, but
are otherwise independent. Thus if A = A;, the intersection assump-
tion satisfies all geometric and continuity considerations and is there-
fore correct. The double iteration process, previously mentioned,
culminates in satisfying this criterion.

With the external shock structure, the first reflected wave and the ini-
tial slope of the slip line all defined, the remainder of the flow field is
reasonably easily defined., The flow between the strong shock and the
slip line is all subsonic until it is allowed to expand. A sonic point
exists, therefore, at the slip line. The position of this point, which is
not critical to the definition of properties along the body, is taken to
be at the same radial station as the body virtual sonic point.

Between the slip line and the body, the flow is treated as two-dimen-
sional. The problem here is, essentially, to define the shock-expan-
sion pattern in a channel, one boundary of which is variable, The gen-
eral problem of flow with shocks and expansion systems is given ample
treatment in the literature (References 15 through 18). Application

to the tension shell problem was straightforward, with gas properties
defined on a pseudo-ideal gas basis for each local change, and with
expansion fan systems replaced by single Mach lines based on the
average Mach number of the expansion. This latter simplification is
justifiable since all expansion systems have been found to be very small,
of the order A, <5 degrees.
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The compressive shocks encountered were also generally weak, such .
that the entropy rise through this "channel" was very small, Because
the compressions and expansions are relatively small, the flow proper-
ties immediately forward and aft of the first expansion wave represent,
to a very good approximation, the upper and lower bounds of the flow
properties throughout this channel, Mach number also changes very
little through the channel up to the expansion around the shoulder of the
tension shell., For this reason, the flow conditions at the vehicle vir-
tual sonic point can be determined directly from the conditions imme-
diately forward of the first expansion. Further, the channel area can

be considered constant (on a three-dimensional basis) up to the shoulder.

The explanation for the fact that these fluctuations are small lies in the
flow-boundary geometry. The rate of change of surface curvature with
respect to axial length is generally sufficiently high to cause small im-
pinging expansion systems to reflect as compression waves, The slip
line acts as a free boundary, changing its inclinition to equalize pres-
sures between the subsonic and supersonic flows.

In light of the above discussion it is evident that, for preliminary de-
sign purposes, properties in the channel region can be considered ef-
fectively constant, and the upper or lower bound -- whichever is cri-
tical -- can be used for each design parameter,

Thus, a method has been developed which may be used to predict the
tension shell flow field, including the complete shock shape and internal
flow field as well as the pressure distribution and all necessary pro-
perties along the body surface at zero-angle of attack (incidence effects
are considered later).

This method was developed with due consideration given to matching
the only available test data (Reference 19.) However this data was ob-
tained at an ambient temperature sufficiently low to yield ideal-gas
conditions (y = 1.4). Thus, certain departures from the above method
were taken, and perfect agreement was not expected, Ilow-field si-
mulation was attempted at the highest free~stream Reynolds number
(~2x 106 based on diameter) to minimize the effects of possible local
flow separation, Figure 164 shows the first theoretical shock shape
attempted and selected test point scaled (with certain attendant inac-
curacies) from Schlieren photographs. Correlation was good up to the
shock intersection. To simulate the shape of the strong shock, a sphe-
rical wave based on Kaattari's work (Reference 20) was assumed. This
assumption led to incorrect placement of the shock intersection while
satisfying continuity and pressure requirements. The resultant pres-
sure distribution is shown in Figure 165, Agreement with test data is
rather good except for the apparently misplaced peak, This situation
was corrected with the improved strong shock shape outlined earlier,
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A typical example of the shock system had been presented as Figure
158. The complete shock structure is shown in this figure including
the expansions and shocks in the '""channel region." It is to be noted
that each expansion emanating from the slip line is reflected from the
steeper surface as a compression wave. The opposite reflection holds
at the slip line or free boundary. The pressure distribution associated
with this flow picture is shown in Figure 166. The strongest shock
occuring in the channel produces a static pressure ratio of about 2:1,
which is relatively small in terms of entropy rise. At the rear of the
channel, the Mach number is within 10 percent of the entry Mach
number.

It is to be noted here that Figures 158 and 166 represent only a typi-
cal result of the analysis and do not apply to specific trajectory condi-
tions in the design study. Design conditions are calculated separately
and the results shown in paragraph 2.3.2.3.

4.2.1.3 Blackout

The ever-present problem of plasma attenuation of telemetry signals -
""blackout' - was evaluated with respect to the newly changed variables
of the EFO phase. The effects of atmospheric chemistry and density,
and vehicle entry velocity and entry angle, were evaluated using a
relatively sophisticated flow model.

It was first necessary to define the most critical atmosphere with re-
spect to aerodynamics telemetry interference, i.e., the atmosphere
which presents the greatest blackout problem.

At the general energy level of interest in the entry out of orbit phase

2
(‘2—“>= 107f%/sec? | the principle electron emission mechanism in any

of the atmospheres under consideration can be most simply stated as
NO » NO* + e~

Atmospheres devoid of nitrogen (in this study, VM-2, -4, and -8) need
not be considered further. In this respect atmospheres VM-1, -3 and
-7 may be considered critical since their chemistry is identical.

A further criticality criterion is required to determine which of three
atmospheric models provides the greatest blackout problem. The
criterion sought is found in the minimum telemetry replay-time. Since
the data gathered during blackout must be transmitted from lander to bus
in the incremental time between exit from blackout and impact, the

atmosphere which produces the minimum time increment will be critical.
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The three atmospheres differ essentially only in surface pressure and
density. This means that the density-altitude profiles will be identi-~
cal but displaced in altitude by the ratio of surface densities. There-
fore, the vehicle deceleration histories will also be identical but dis-
placed. Further, the electron density-time histories in the three at-
mospheres (''all other things being equal'') will be identical but shifted
only with respect to altitude. The peak electron density and exit from
blackout will occur at the lowest altitude in the least-dense atmosphere.
The least-dense atmosphere - VM-7 -- allows the least time before
exit from blackout and impact, and is, therefore, the critical atmos-~
pheric model.

To devise a proper flow model, the position of the antenna and the
path through the plasma must be specified. The antenna position was
taken to be on the reference configuration afterbody. The antenna
wave path taken was along a line lying 30 degrees above and aft of the
vehicle longitudinal axis. The flow field was then determined from
the shock back to this line as will be described. The computation of
pertinent parameters was then carried out.

A shock shape compatible with the general conditions at exit from
blackout was assumed, i.e. Mach 9-10 at approximately 200, 000

feet altitude with a stagnation density ratio of 9.5. The Avco thermo-
chemical equilibrium programs (1313, 1561) were used to define the
flow properties and electron density immediately behind the entire
shock front to the point where the shock was intersected by the antenna
path.
In the subsonic shock layer in front of the body, an approximate stream
tube analysis was performed assuming frozen flow chemistry to the
sonic line. Boundary-layer effects were neglected since the boundary
layer has little influence on the electron density for highly blunted
shapes. It should be noted here, however, that this analysis does
presume a nonablating heat shield. Flow conditions and electron
density values were thereby defined along the sonic line.

Using the standard base pressure value, Pb/Ps = 0.03 the isetropic ex-

- pansion of this stagnation streamline was then computed. The tra-

jectory of this streamline was found to converge toward the axis
linearly, at least to its intersection with the antenna path. Electron
density was assumed to vary as pressure (Reference 21.

1
N~ p y
This streamline, which can be traced from the normal shock at the
vehicle axis, to the vehicle stagnation point, along the body, and

around the shoulder; becomes, behind the body, the dividing stream-
line (D.S. 1) between the high velocity wake and the so-called dead
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water region. The electron density inside the DSIL is ncgligible.

Once the DSL is established, a stream-tube analysis can be per-
formed through the expansion regicn and downstream to the antenna
path intersection, iterating on flow angle and mass flow rate to deter-
mine the proper flow area. This process is carricd ont in incre=-
ments (stream-tubes) along the antenna path to the intersection of the
path and the shock. At this point, the mass flow rate and flow di-
rection are equal to those behind an oblique two-dimensional shock of
the shock angle. Typical variations of local density, temperature and
electron density, along the antenna wave path arc shown in Figures
167 through 169, respectively.

The electron density level which will cause blackout, i.¢., extreme
attenuation of the telemetry signals, is a functior of signal frequency
only

Qnf)?

N, . =
crit 3.18(10)7

Since the telemetry frequency is fixed at 272 mc, the critical electron
density is 9.2x108 electron/cc. The occurance of this level at any
point along the wave path is therefore an indication of incipient black-
out. By using this criterion and the flow -field model previously de-
rived, the critical electron density can be worked bac kward through
the flow field and through the shock to determinc a critical set of frec-
stream conditions. A five-point correlation of critical wake clectron
density (9){108 is used) in terms of free-stream velocity and altitude
(p.) is shown in Figure 170. The V., - Z corrciation is perfectly
linear over the range shown - which is also the range of interest. By
plotting velocity-altitude histories for the ranpge of V-3 entry condi-
tions, the limits of blackout can be defined.

4.2.1.4 De-orbit Rocket Flow Field

The use of rocket thrust to provide the velocity decrement necessary
to establish an entry trajectory for the lander vchicle produces cev =
tain problem areas which are considered in this scction. If nozzle
extensions are utilized for the purpose of goveruing the maximum
exhaust expansion angle, the internal heating rates must be con-
sidered. If the rocket is fired in proximity to the bus, contamination
or combusion of the bus surfaces (and instrumentation} may occur.
Finally, the presence of the rocket plunmc may produ. ¢ heating on the
aft surfaces of the lander in three modes, as will be discussed later.
This section details the analytical approaches used in the determina-
tion of the de-orbit rocket effects.
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In all the above problems, consideration must be given to the working
fluid, i.e. the rocket exhaust products. Overall systems considera-
tions dictate the use of a solid propellant rocket motor for the de-

orbit AV application. The best available information on exhaust pro-
ducts was used. The percentage of solids and liquids in the rocket
exhaust was assumed small enough to have negligible effect on the gas
dynamics of the exhaust. Table XXXI presents the concentrations of
exhaust products used in these studies. Because the local gas tempera-
ture never exceeded 1200°K in any of the nozzles considered, frozen
equilibrium chemistry was assumed for the working fluid.

TABLE XXXI

ROCKET EXHAUST PRODUCT CONCENTRATIONS

Concentration
Constituent (moles /100 gm)
CO 0.638
CO2 0.593
HC 0.698
H, 0.962
H,0 1. 000
HZS 0.006
N, 0.372

In order to determine the effects of plume impingement on bus and
lander surfaces, flow-field calculations were necessary. The most
efficient means is to obtain contours of pertinent parameters within

_the plume by the method of characteristics. A computerized solution

(Avco Program 1268) was used to obtain the approximate flow field of
the plume downstream of the nozzle exit. The solution is approximate
since a finite value of ambient pressure must be used. The space
environment, however, dictates an ambient pressure of the order of
zero. Therefore, the plume was further expanded by hand-iterated
solution of th